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Handbook. This Handbook has been published by the Tactical Weapon .
Guidance and Control Information Analysis Center (GACIAC) as part of its
if services to the guidance and control community. GACIAC is a DoD Information
: Analysis Center, administered by the Defense Technical Information Center,
- operated by IIT Research Institute under Contract No. DLA900-80-C-2853.
!I GACIAC is funded by DTIC, DARPA, and U. S. Ammy, U. S. Navy, U. S. Air Force

Laboratories/Controlling Activities having an interest in tactical weapon

guidance and control. The Contracting Officer is Mrs. S. Williams, DESC,
Dayton, Ohio. The Contracting Officers Technical Representative is
Mr. H. C. Race, DRSMI-RN, U. S. Army Missile Command, Redstone Arsenal,
Alabama 35898.

Reproduction. Permission to reproduce any material contained in this
document must be requested and approved in writing by the U. S. Army Missile
Command, ATTN: DRSMI-RN, Redstone Arsenal, Alabama 35898. This document is
only available from GACIAC, IIT Research Institute, 10 West 35th Street,
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FOREWORD

This handbook was prepared for the U. S. Army Missile Command as part
of a special task conducted under the Guidance and Control Information Analysis
= Center Contract, DLA900-80-C-2853. Because of the interest in this technology,
#ﬁ the sponsor gave permission to publish the report as a GACIAC handbook.

The handbook summarizes the properties of sulfide, selenide, and telluride
materials. In particular, the structural, chemical, electrical, and optical
properties of these materials are presented. The information is based upon

the available unclassified published literature, and references are provided
for the data presented for each material described.

The special task was administered under the direction of Mr. J. Leonard Gibbs,
DRSMI-REQO, U. S. Army Missile Command, Redstone Arsenal, Alabama 35898.
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A detailed literature review of the sulfide, selenide and telluride
materials was carried out by IIT Research Institute. As a result of this
review, approximately 40 different materials were identified for detailed
investigation. This work resulted in compilation of the structural,
electrical and optical properties of these materials. Special effort was made
to include those materials which undergo a phase transition as a result of
applied external stimulas such as temperature, pressure or electric field.
The information presented in this document is limited to available
unclassified literature. Lack of experimental data in several cases was
discovered during our literature review. The need for additional data have
been identified. A brief summary of the characteristics of the materials is
given in Table I followed by detailed description on each material,
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APPENDIX
DESCRIPTION OF INDIVIDUAL
OPTICAL MATERIALS
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AgGas,
Silver Thiogallate

AgGas,, or silver thiogallate, has been reported to possess the
chalcopyrite structure.1 It is a uniaxial, acentric, nonenantiomorphous

crystal, AgGaS, possesses optical activity and is birefringent. The unit
cell dimensions are a = 5.74A and ¢ = 10,26A,

Figure 1 shows the ordinary and extraordinary refractive indices
(ngy and n,) for AgGas, from 4500A to 67003; this is the visible part of the
spectrum.2 A fairly large literature exists concerning the nonlinear optical
properties of AgGaS,; these appear to be applicable for the fabrication of
infrared devices.2»3>4 1In Table 1 we have a tabulation of n, and ny from
0.49um to 13um., The most noticable result of this measurement is the
uniformity over the spectral range. At 10.6m, we have

- - 4
ny = 2.34 and Ng = 2,29,

Silver thiogallate absorption curves have been published from the visible
to the mid-infrared spectral range. These results are given in Figure 2. To

convert from the absorption coefficient (a) to the extinction coefficient (k),
use the relationship:

G=—T—.

Since a is about 1 cm~! at 5un, however, it is apparent that k is indeed very
small, Consequently, the reflectivity in the 0.5um to the 12.5im range is
well approximated (at normal incidence) by:

2 = (n-1)2
(n+l)

As a result, AgGaS, fs a transparent material in this wavelength range.

Figure 3 shows the transmittance from 0.3 to about 30un., Note that there
are slight differences for each polarization. At 0,497m, Ng = Ng, whereby
optical activity can be studied without the added birefringence.
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Figure 1. The refractive indices of AgGaS2 at 20°c.
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J TABLE 1
;- REFRACTIVE INDEX OF AgGaS, VERSUS WAVELENGTH (1) AND
- RECIPROCAL WAVELEWGTH (1)

A v= a1 nO ne ne - nO
M wl

.4900  2.0408 2.7148 2.7287 ,0138
! 5000  2.0000 2.6916 2.6867 -.0049
' .5250  1.9048 2.6503 2.6239 -.0264
5500  1.8182 2.6190 2.5834 -.0356
P: 5750 1.7391 2.5944 2.5537 -.0407
.6000  1.6667 2.5748 2.5303 -.0444
.6250  1.6000 2.5577 2.5116 -.0461
.6500  1.5385 2.5437 2.4961 -.0476
- .6750  1.4815 2.5310 2.4824 -.0486
Pl .7000  1.4286 2.5205 2.4706 -.0499
7500 1.3333 2.5049 2.4540 -.0509
_ .8000  1.2500 2.4909 2.4395 -.0514
= .8500 1.1765 2.4802 2.4279 -.0522
Fi L9000 1.1IM 2.4716 2.4192 -.0525
f .9500  1.0526 2.4644 2.4118 -.0526
1.0000  1.0000 2.4582 2.4853 -.0529
ﬁl 1.1000 .9091 2.4486 2.3954 -.0532
. 1.2000 .8333 2.4414 2.3881 -.0533
g 1.3000 .7692 2.4359 2.3819 -.0540
3 1.4000 .7143 2.4315 2.3781 -.0534
F; 1.5000 .6667 2.4280 2.3745 -.0535
8 1.6000 .6250 2.4252 2.3716 -.0535
- 1.8000 .5556 2.4206 2.3670 -.0536
- 2.0000 .5000 2.4164 2.3637 -.0527
2.2000 .4545 2.4142 2.3608 -.0537
2.4000 .8167 2.4119 2.3583 -.0535
2.6000 .3846 2.4102 2.3567 -.0535

2.8000 L3571 2.4094 2,3559 -.0535 e

3.0000 .3333 2.4080 2,3545 -.0535 e ]

A-4 R

L

......................................... RS

..... = L o e ]




TABLE I (CONT.)

A v= 21 no n® ne - n°
M wl
3.2000 .3125 2.4068 2.3534 -.0534
3.4000 2941 2.4062 2,3522 -.0548
3.6000 .2778 2.4046 2.3511 -.0535
3.8000 .2632 2.4024 2,349 -,0533
4.,0000 2500 2.4024 2.3488 -.0536
| 4.5000 2222 2.4003 2,3461 -.0542
: 5.0000 .2000 2.3955 2.3419 -.0536
! 5.5000 .1818 2.3908 2.3401 -.0537
[ 6.0000 1667 2,.3988 2.3369 -.0539
i 6.5000 .1538 2.3874 2.3334 -.0540
? 7.0000 .1429 2,3827 2.3291 -.0536
E 7.5000 .1333 2.3787 2.3252 -.053%
; 8.0000 1250 2.3757 2.3219 -.0538
' 8.5000 .1176 2.3699 2.3163 -,0536
9.0000 L1111 2,.3663 2.3121 -.0542
9.5000 .1053 2.3606 2.3064 -.0542
10.0000 . 1000 2.3548 2.3012 -.0536
10.5000 .0952 2.3486 2,2948 -.0538
11,0000 .0909 2,347 2.2888 -.0537
11,5000 .0870 2.3329 2.2789 -.0540
12,0000 .0833 2.3266 2.2716 -.0550
12.5000 .0800 2.31717
13.0000 .0769 2.3076

.............................
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The dispersion curves for N, and ngy can be fitted for infrared
wavelengths by the equations:

1/2
0.2410 2
n, = 5.728 H—=="— - o.oozmx] .
° [ X°-0.0870

1/2
ny = 5.497 + 0.2026 __ _ ¢.00233 Az] .
2°-0.1307

Here X is in microns., Therefore:

n. -1 n_ -1 2
R, = =2 , R, = =2 .
0 no+ e ne

Phase matched second harmonic generation in AgGaS, at 10.6um radiation
has been observed.3 The result of this experiment is shown in Figure 4,

AgGas$, is a ternary chalcopyrite semiconductor. Its melting point is
near 1000°C. There does not appear to be a phase transition at temperatures
above room temperature, although a phase transition near 100°K has been
reported, We have been unable to determine the nature of this transition or
any accompanying change in electrical or optical properties. At 10.6um
(or 943 cm'l). the reflectivity at room temperature is near 18% for both field
polarizations (Figure 5).5 Possibly the low temperature phase will possess a
different value of R at 10.6um. Although any such phase must be insulating,

it would then appear that R would probably be the same or even less. That is,
il no significant change is expected unless there exists a higher temperature
phase change where AgGaS, becomes metallic.

REFERENCES (AgGas,)

H. Hahn, et.al., Z. Anorg. Chem., 271, 153 (1953),
M.V. Hobden, Acta Cryst., A24, 676 (1968).

D.S. Chemla, et.al., Optics Commun. 3, 29 (1971).
G.D. Boyd, et.al., J. Quan. Elec., QE-7, 563 (1971),
B. Tell, et.al., Phys. Rev. B6, 3008 (1972).

J.L. Shay and J.H. Wernick, "Ternary Chalcopyrite Semficonductors:
Growth, Electronic Properties, and Applications”, Pergamon Press,
Oxford, 1975.
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Agl SR
Silver lodide Do
o
Thin films of Agl have been prepared by thermally evaporating Ag in o
iodine vapor or iodizing films of silver sequentially to build up thick
layers.1 Direct evaporation of molten Agl has been found to produce TR
nonstoichiometric films due to evolution of iodine. Films have been deposited . ®
on glass,2 quartz,3 mica,4 po1yethy1ine,5 ce'l]uloid,6 and sodium chloride’
substrates.

Silver iodide undergoes a phase transition at 147°C. In the low -
temperature phase it has two polymorphs, namely a hexagonal wurtzite-type )
structure and a cubic sphalerite structure. The structure achieved in
thermally evaporated films seems to be dependent on substrate temperature
m. during depositions and may be dictated by stoichiometry, ie., the amount of -
B fodine in the film.5+® There is also some evidence that the cubic form is
stable from room temperature to 137°C and the hexagonal form exists from 137°
Ei to 146°C, Above the phase transition temperature, a disordered cubic
t

|

structure exists.

Agl exhibits an especially large increase in jonic conductivity (six ,
orders of magnitude) when undergoing the phase transition. The high _t_:_?
temperature phase corresponds to a "quasi molten" or "liquid like" state of e

- ~6 —————

contributes to the total conductivity of the material. Electrical

conductivity is shown as a function of temperature in Figure 1 compared to

varying degrees of mixture with Ag,W0,. The phase transition of pure Agl is R

?!f apparent by the better than three order of magnitude increase in conducti- L
vity. Since the high temperature phase has a conductivity on the order of 1

- ohm-cm and the slope does not reverse, the material does not become metal-like

and the alteration in optical properties may not be large.

‘i silver ions which are almost free to move, The mobility of the silver ions
3
|

No data on the optical properties of Agl was found in the literature, - ,i_
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Silver Sulfide

Silver sulfide is a chalcogenide which displays a dramatic first-order
crystallographic phase transformation with an accompanying change in its
electrical, thermal, and optical properties. It can exist in a variety of S
h stoichiometries of the form Agy, S where & can range from -0,000035 to o

0.000018 in the low temperature state and from 0.0 to 0.0022 in the high
temperature state. The low temperature phase is referred to as acanthite or
the B-phase and possesses a monoclinic crystal structure. The cell constants
for the f-phase are a = 4.23A, b = 6,914, ¢ = 7.87Aand 8= 99° 35'.1 There ‘e
are four units of Ag,S per unit cell. At 450°K (179°C) the 8-phase undergoes -
a reversible phase change to the high temperature o-phase (known as
argentite). A small volume expansion of about 1% accompanies this phase
transition. The transition is first-order due to the changes in the thermal - Qh )
properties across the temperature boundary. Both the f~ and o-phases have in .
common a body centered cubic arrangement of the sulfur atoms though the silver }'i ;
sublattice is quite different in each case. For the g-phase the silver atoms e
are well ordered whereas in the o-phase the four silver atoms ({ons) are e
randomly distributed on the 42 positions given in Reference 2. For the o
phase the lattice constant is ag = 4,88A, There exists yet another phase
transformation at 585°C to the Y-phase.3 The lattice dynamics of silver

sulfide is not known.4 -riiif

PR e
AL M
P

il

Cam 2

Silver sulfide exhibits a marked increase in the electrical conductivity
at the transition temerature, Figure 1 shows that the change is about three
orders of magnitude.5 The extent of the change in the conductivity will
depend on the stoichiometry. Ag,S is a mixed conductor, there being an fonic - * .
and an electronic component. The ionic conduction is due to the motion of Ag*

fons in both phases.s’7 (It should be pointed out that B-Ag,S is an n-type
semfconduc tor, )

Concerning the thermal properties there is a change in the heat capacity el
from the low temperature phase to the high temperature phase (as may be ' ?;;j}?
expected, intuitively, in a semiconductor to a metal phase transformation). :ﬁ:i:
However, it is still not known if there is such a change for the thermal ;'”

conductivity across the transition temperature. According to the Franz-

A-12
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Wiedermann law for a Drude material we might expect a change in the thermal
conductivity to be the same (quantitatively) as the change in the electrical : ,
conductivity. This, however, may not take place for a variety of reasons - e
for example, one may expect a similar effect to occur for V0,, though none is ;
observed.8 No definite measurement of the thermal conductivity for o-Ag,S s ;ﬁféi-

known, though there are measurements reported in the literature for ' _
AQZSe.g POCUSAREY

The optical properties of Ag,S are well studied in the infrared part of
the spectrum, For the 8-phase there is little extinction up to about 30um
when the reststrahlen bands are reached. As seen in Figure 2, there is
considerable structure in the far-infrared which characterizes the lattice . °
vibrations. From a Kramers-Kronig analysis, an index of refraction of 3.0 is
arrived at for the flat portion of the reflectivity curve. The oa-phase is a
good Drude metal (in the sense of the free carriers being modeled as a Fermi

gas). The carrier concentration is a function of stoichiometry, and can vary R .
from 1.2 x 1018 cm™3 to 3.6 x 1019 cm™3.10 Here the value of the long ' __:
wavelength dielectric constant has been determined to be ¢, = 8.8. The -
effective carrier (electron) mass is 0.24 mgy, and the relaxation time is o
1= 2.2 x 10714 second.!! :E:_:_
From the three parameter free carrier Drude theory we have -
2
"2 a2 2 _ Ne® o S
e—n-k-eo- e 77 L
2 eom 1+ wr o
ne A
n e T
€ = 2nk = % 2 r »
€M @ 1+ w7
where e(w) = €' (w) + i €"(w) is the complex dielectric constant and n, the
carrier concentration. From these expressions the normally incident 57.773

reflectivity is given by the well known formula (as derived from the Fresnel
equations):

p o tn-12 4l e

(n + 1)° + K

Figure 3 shows the index of refractfon (n) and the extinction coefficient
(k) as calculated from the reflectivity curve using the Kramers-Kronig .
method. This is for the low temperature (B) phase of the material. The -
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experimental curves are compared directly with the predicted curves obtained
from the Drude model. In Figure 4 are shown the reflectivity curves for the

a-phase for various values of the carrier concentration; these curves have
also been generated from the Drude model; though there is close agreement with
the measured values.12

) REFERENCES (Ag,S)

1. A.J. Frueh, Z. Kristallogr., Vol. 110, 2 (1958).
2. P, Rahlfs, Z, Phys, Chem., Vol. B31, 157 (1936).

= 3. T. Smit, E, Venema, J. Wiersma, and G.A. Wieglas, J. Solid State
i Chem., Vol. 2, 309 (1970).

4. W. Andreoni, Solid State Commun., Vol. 38, 837 (1981).

5. M.H. Hebb, J. Phys. Chem., Vol. 20, 185 (1952).

6. C. Wagner, Z, Physik Chem., Vol, B21, 25 (1933).

7. C. Tubandt, et.al., Z. Anorg, U. Allsem, Chem., Vol, 117, 1 (1921),
8

. The lack of a change in the thermal conductivity, in so far

= as the Franz-Wiedemann law {is concerned, has been attributed to

: imperfections in the crystal sample, or a breakdown in the theory
due to the carriers scattering inelastically within the lattice.

9. S. Miyatani and Y. Toyota, J. Phys. Soc. Japan, Vol. 23, 37 (1967).

10. H,H. Dorner, H.P, Geserich, and H. Rickert, Phys. Stat. Sol. (a),
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12, The IIT Research Institute has been doing research on Ag,S for use as
a rejection filter for over four years; to date this work has been con-
sidered to be quite successful.
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Ange
Silver Selenide

Thin films of AgoSe have been prepared by thermal evaporation of the
compound synthesized by reacting components in quartz ampules and by
evaporating the constituents in stoichiometric proportions from the same
boat.l Films have been deposited on glass substrates and freshly cleared
single crystals of KC1 maintained at room temperature. Post annealing at
different temperatures homogenized the films. F{ilms annealed at 120°C
revealed polycrystalline growth when examined by electron diffraction. The
Tow temperature phase is orthorhombic with lattice parameters a = 7.053;

b = 4.323; c = 7.823. Films annealed at 140°C exhibited oriented growth and
those annealed at 150°C showed a mosaic single crystal structure.z'3

A phase transformation from orthorhombic to body centered cubic with a =
4.983 occurs at 166'C.4 Significant hysteresis is apparent since on cooling,
films of all thicknesses showed a transformation in structure at 107 & 2°C.
Structural transformations in the bulk state have been reported at lower
temperatures ranging between 122°C and 133°C.5710 The phase transition is
associated with a volume expansion of 5%. The high temperature phase a-Ag,Se
presents the same characteristic disorder of silver atoms as does o-AgI and
a-Ag,S.

AgySe 1ike Ag,S exhibits fonic as well as electronic conductivity. The
exact amount of the Ag/Se ratio determines the relative magnitudes of fonic to
‘ electronic conduction according to the electrochemical studies of uagner.lo
and Va1verde;11 the Ag/Se ratio is variable and therefore the ratio of fonic
to electronic conductivity can be controlled stoichiometrically, The
homogeneity range determined by Valverde is compared with that of Ag,S in
Table 1.
TABLE 1
HOMOGENEITY RANGE (MOLAR CONCENTRATIONS)

Temperature
Phase (°c) &X10* in Ag,, &X
a-AgZS 200 0 to + 22
B-Agzg 150 -0,35 to + 0,18
a~Ag Se 150 0 to + 36.5
f~Ag Se 100 -2.0 to + 6.5
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Both phases aAg,S and o-Ag,Se have in the whole homogeneity range
comparable amounts of excess silver, The low temperature phases may be silver

rich or silver deficient; however the homogeneity range, especially for the
low temperature phase of Ag,S, is narrow compared with the corresponding value
for the disordered high temperature phase.

The value of conductivity at the transition temperature varies between
1000 and 3000 ohm-cm.! The conductivi ty as a function of temperature is shown
in Figure 1.12 Below the transition temperature Ag,Se behaves as a
semiconductor and above this temperature it behaves as a metal,

Optical absorption in Ag,Se as a function of photon energy is shown in
Figure 2 for temperatures ranging from 20° to 160'C.12 A gradual decrease in
absorption over all wavelengths is evident as the temperature is increased.
No abrupt increase in absorption is evident at the phase transitfon. A shift
of the plasma edge to shorter wavelengths is apparent as the temperature is
increased and the edge appears to be located at about 15 microns (0.08 ev) at
the phase transition temperature. This leads to an anticipation of high
reflectivity at wavelengths in this vicinity.
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Ange
Silver Telluride

Ag,Te films have been prepared by thermal evaporation by synthesizing the
starting material in bulk by reacting the components in quartz ampules and by
evaporating the constituents from separate boats or the same boat. Films have - W
been deposited in glass, formvar and KC1 substrates.l When constituents were %*“ -
evaporated from the same boat annealing was necessary to attain compound .
formation. The films deposited on KC1 at 300°C and annealed at the same
temperature showed oriented growth,

Electron diffraction patterns in the low temperature phase showed an ,,‘ é o
orthorhombic structure with the lattice parameters a = 13.033; b= 12.72&;
¢ = 12.21A, At 157°C a phase transformation to the face centered cubic
structure occurs with a = 6.583. Both oriented and polycrystailine samples
showed the same transformation temperature within £2°C over the entire
thickness range investigated. Cycling the film through the phase transfor-
mation exhibited hysteresis, the original phase being regained below 115°C.

The specific electrical conductivity of the films was found to be
38 ohm™ lem™1 which is one order lower than the specific electrical 7»"!; -
conductivity measured for bulk samples.2»3 This is explained by the mobility BRI
of charge carriers decreasing due to the transitional resistance between
grains in the fiim. The electrical conductivity as a function of temperature
for silver telluride is shown in Figure 1, where the jump in conductivity is ~;f!'ir
attributed to the polymorphic phase transformation. The conductivity curves
indicate that AgoTe is a semiconductor below the phase transition and a metal
above the transition. The transformation is accompanied by a change in the .
character of the chemical bonds.2:3 1In the low temperature phase, the bonds -
are covalent and in the high temperature phase they are polar with a
considerable degree of ionic conductivity.

Figure 2 i1lustrates the temperature dependance of the heat conductivity Do
of AgoTe. The phase transformation is again evidenced by the minima occuring

at 140°C and 150°C. The coefficients of heat conductivity of Ag,Te varies
from 7.8 x 10”3 to 3.9 x 1073,

No data has been found on the optical properties of AgpTe. ;A,Q~ -~
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CdGayS¢
Cadmium Thiogallate B

CdGCZSq — ¢_‘._
Cadmium Chalcopyrite

CdGa,ySq, cadmium thiogallate, belongs to the class of defect ternary
diamond-1ike semiconductors in the All BZIII C4VI class. CdGapSeq is also
known as cadmium chalcopyrite. Both of these can be prepared as single
crystals via the method of chemical transport reaction. Their structure is
characterized by a tetrahedra12atomjc configuration corresponding to the
structure of the space group S, - 14 (tetragonal unit cell with two formula .-
units). Two sites of the cationic lattice are free (cadmium vacancies),
Figure 1 shows the structure for CdGayS4. On the basis of the experimentally
determined lattice periods of the compound CdGaZS&, the calcu]a}ed lengths of R
jts interatomic bonds are as follows: Cd-S, 2.52A; Ga2-S, 2.29A; Gal-s, i il
2.323; also the fundamental lattice parameters are a = 5,564 + 0.005A and
c =10.05 % 0.01&.1 It should be noted if the vacancies of cadmium are
treated as atoms of zero valence, in accordance with what is known as the
Grimms~Sommerfeld rule for tetrahedral phases, the number of valence electrons
per atom of this compound is four.1

CdGa,S4 and CdGapSe, are of interest primarily because of’;heit

anisotropic (birefringent) behavior. For both polarizations (E 11 C and

f 1 E). both materials show reflection peaks at 3.58 and 2.55 eV (near UV and
visible). Further, CdGa,S, possesses a reflection peak at 4.76 eV and PR
CdGa,Seq has two, one at 3.87 eV and one at 4.19 eV (which distinguishes each tﬁ;ﬁfiﬁ
material). These peaks are due to transitions allowed due to the nature of '?f'5:
the spin-orbit interaction,?s3 Figures 2 and 3 show the reflection spectra "'.
for both polarizations for both substances,* SR

Reference 1 presents a discussion of the infrared reflection spectra for

- . CdGayS4. There are five vibrations for each polarization. Figure 4 shows the R
infrared reflectance from about 50cm™! to 1000cm™! (10im). From this data it — —
- fs possible to determine the complex dielectric function e(w) = ¢ (w) S
EQ' + 1e)(w) using the well known Kramers-Kronig method, From e(w) ft is possible e
; to determine tﬂ? frgguencies of the TO and LO vibration modes in the crystal NN
i lattice. For E 11 C polarization, the greatest oscillator strengths (for this -0
o A-27 L
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lattice vibration) are at 162, 254, and 323 em™l, These can be tised to
>
- calculate the static permittivity value for the substance. For E L C polar-
H ization, the strongest oscillators are at 84 and 324 em™1,5

The Lydane-Sachs-Teller relation:

; € . n _:Lg 2
' “ % o
‘ can be used to verify the values of g, and e, which for CdGa,S, are

o = 8.76, €4, = 1.04 for E 11 ¢, and are € = 8.54, €, = 4,64 forE lc.1
_ Figure 5 shows the permittivity dispersion of CdGa,S, for each
H polar‘lzation.1 We have been unable to find any literature on the behavior of
' either material in the infrared from about 10um to the visible. However, from
Figure 4 it may be inferred that there are no Restrahlen bands beyond 400
em~1 (25um). The reflectivity for both polarizations appears to be flat; this
is very similar to other semiconductors such as silver sulfide in the low
temperature phase (as well as MnS). We have been unable to locate significant
information alluding to temperature dependence of the optical properties or
even the presence of a phase transitfon to a metallic state.
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CdSe
Cadmium Monoselenide

Cadmium selenide is a metal-nonmetal phase transition material; it is a
11-VI compound. Single crystals of CdSe with a chromium impurity can be
prepared via the well known Bridgman technique. The chromium density can be
determined using Hall effect measurements.1

Both zincblende and wurtzite forms of CdSe are known. Crystals grown at
high temperature possess the wurtzite structure; the zincblende structure is
obtained from room temperature growing methods, For the former case, there
appears to be considerable variation in the measured lattice constants which
suggests that there may be impurfities due to contamination or stacking faults
within the material. It has been determined that a = 6.0523 for the
zincblende form of CdSe.2 The cubic form of CdSe is metastable and partial
conversion to a hexagonal form takes place upon heating at 130°C; the
transformation is complete by 700°C over a span of 18 hours. 3

Very little 1s known about the electrical properties of CdSe. It is
similar in behavior to CdS with a smaller electron effective mass, larger
mobility, and smaller piezoelectric coupHng.4 The electron effective mass
has been determined from the Zeeman splitting of exciton lines, and it is
m* = 0.13 m, where m, is the electron rest mass.> This value was subsequently
confirmed by Dolega who measured the dependence of the thermoelectric power on
carrier concentration.® Optical reflectivity measurements in the infrared
suggest that m* = 0.15 + 0.01 m, (this is due to free carriers).7 The optical
measurements seem to indicate that m* possesses an anisotropic behavior. CdSe
is 1ike CdS in that it is always n-t.ype.4

The room temperatures carrier concentration is quite low, around

5 2 x 1016 ¢m~3,8 By heat treating CdSe in a selenium vapor and obtaining
single crystals, this figure has been increased to around 3.6 x 10°17 cm'3

) with a mobility of 580 cm?/V-sec. For holes, it was found that W = 50 cm2/V-
sec (hole mobility), and there is a trap density of 1011 ¢p3,

A first-order phase transition has been reported for CdSe (first-order
_ because of symmetry requirements that must be met if the phase transition fis
) to be of second-order).® This transition is from the zincblende to the
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wurtzite type structure. It is stil) not known if this phase transition is
reversible. For CdSe, there is an additional metal-nonmetal transition at
very low temperature, around 25°K.1 This phase transition is deduced from low
temperature resistivity and Hall coefficient studies.

Figure 1 shows the room temperature reflectivity of cdse.d Table 1 gives
various parameters for CdSe. Further details concerning these data can be
found in reference 1.

TABLE L
PARAMETERS OF CdSe

n* = 0.13 m, p =58 gmecm
& = 9.4 €e = 6.1

€1 = 7.4 x 1011 cgs units hw = 0,027eV

Ep = 3.7eV

The nature of the phase transition of CdSe is not well understood; we
have been unable to find 1iterature discussing how the optical) properties
change across this boundary, which is nevertheless at a very low temperature,

REFERENCES (CdSe)

1. D.M. Finlayson, et.al., Phil. Mag., Vol. B39, No. 3, SRt

253 (1979). _"_j: '».::::Z:’.:’_-'
2. A.D. Stuckes and G. Farrell, J. Phys. Chem. Solids, 25, 477 (1964). A
3. A. Pashinkin and L. Kovba, Soviet Phys, - Cryst. 7, 247 (1962).

4, M, Aven and J.S. Preuer, eds. Physics and Chemistry of II-VI Compounds, T ]
North-Hollard, Amsterdam, 1967, S

5. R. Wheeler and J. Dimmock, Phys. Rev. 125, 1805 (1962).

6. U. Dolega and Z, Naturf, 18Q, 809 (1963).

7. S. Kubo and M. Onuki, J. Phys. Soc. Japan, 20, 1280 (1965). g

8. M. Itakura and M. Toyoda, Japan J, Appl. Phys. 4, 560 (1965), R

9. M. Cardona and G. Harbeke, Phys. Rev. 137, Al467 (1965), el
%

St

..




R S

T T L
S, et c
L ' oo

Figure 1. Reflectance of CdSe at room temperature.

:'-‘.‘-";' -9
SR

- .< — -
.:-

"'J'

-4

~

oy

...........................................................




c052
Cobalt Disulfide

Cobalt disulfide (CoSy) is a crystalline material possessing the pyrite
structure (that is, like FeSz) and is known to be a ferromagnet with a
metallic conduction. The Curie temperature is at 120°K. Single crystals of
CoS, can be grown by the chemical vapor transport technique using chlorine as
a transporting agent.1 Crystals several millimeters on a side can be readily
grown.

CoS, is not known to be a phase transition material. No evidence of
abrupt changes in the resistivity or optical properties with temperatures are .
known. Concerning the latter, only limited data exists from 2.48um to
0.248um (near UV). It has been reported that in the vicinity of 0.8ev
(=.9921m) a slight variation in the reflectivity does occur.Z No quantitative
measurements of this variation is given, however.

For completeness, we shall present known experimental measurements of the
optical properties of CoSz.2 These published data are of very recent origin
and attest to the relative lack of knowledge of this material. Figure 1 shows
the reflectivity from 2.48m (0.5eV) to 0.248un (5eV), or from the near IR, 0.
through the visible, to the near UV. The variations seen may be described in AR
terms of phonon modes within the lattice. From this single curve, theoretical
analysis can extract unique curves for the index of refraction (n), the

3

coefficient of extinction (k), and the real and imaginary parts of the B
dielectric constant (e and ). The significance of e and ¢ will be ;f.;f;:
discussed shortly. <5fj;1:
Figure 2 shows n and k in the same wavelength range. To obtain n and k :b‘ 1
from R (measured for normal incidence), the Kramers-Kronig method is used. T f[1
Data for R was necessarily extrapolated into the IR via a linear fit and into A §?
the far UV and VUV from known (unpublished) data. From n and k, we can derive . .
e and € using the relations e
‘a2 2 R
€ =n° - k-, R
e = 2nk. -
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These are shown in Figure 3. The significance of e is that the first zerc
(around 0.8eV) can be associated with a free-electron plasma frequency of the
material, That is, the plasma frequency, the concentration of free electrons

(ng), and effective dielectric constant (euee(0)) are all related by the
equation

2
2 4n nfe

w = .
P M Eqpgl0)

Here eeff(o) can be evaluated using the sum rule

T

- E"( o )

= 2 '
eeff(O) - ] + —i IO d(ﬂ

1
and e ¢(0) = 25,50, Therefore, computing u from the zero crossing in ¢
yields ng = 1,17 x 1022 cm73,

Knowing n¢ is important in order to model the IR properties of CoS, with
a Drude model. Drude model predictions and actual measurements of IR

reflectivity can be useful to not only characterize a material, but to infer
its possible phase transition properties.

Finally, the absorption spectra of CoS, is shown in Figure a2

CoS, is not known to undergo changes in R, n, or k with temperature.

CoS, appears to be a possible candidate for further research since it has been

neglected until fairly recently -- its optical properties are still not
understood,
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CrS
Chromium Monosulfide

CrS and Cry_,S (0 < x < 0.12) have been studied fairly extensively; these s
g compounds possess NiAs superstructures. CrS itself can be prepared as a . o
: monoclinic crystal using the flux method.l It should be pointed out that the _,f,ff
_. exact stoichiometric CrS is extremely difficult to prepare, and there is a f"VI:

; question concerning whether or not it has been achieved,?

The electrical properties of CrS, with 1.00 < x < 1,20 have been
studied.3 The conductivity, o (in ohm~l eml), has been measured from 300°C o
!: to 500°C for x = 1.0, 1.08, 1,14 and 1,17. Figure 1 illustrates the LI
' temperature dependence of electrical conduction. The material behaves as a p- h
type semiconductor for x < 1,12 and as a metallic conductor for x > 1,13,

g That is, at high temperature above about 500°C, CrS, for all x in the above o

? range behaves as a good metallic conductor whereas for lower temperatures CrS, .9
behaves differently as x varies across x = 1,12, The change in conductivity )

from 300°C to 500°C can be attributed to a structural transition from the

} monoclinic to the NiAs type structure. We should point out that if pressure

Fi is applied it may be possible to switch the stoichiometry across the . @

transition at x = 1,12, A phase transition is known to occur for Crsl.42.4

Before continuing with the phase transition properties for stoichiometric
CrS, we shall briefly discuss its crystatl structure.’ In Figure 2 we see the
NiAs crystal lattice and its relation to the CrS lattice. The small circles =
represent metal atoms, the larger circles are anions. In each diagram the
environments of one metal atom and of one anion are given., Figure 2a is the
ideal NiAs structure. Here the metals are octahedrally surrounded by six
anfons (in this case As), the anions by six metals in a trigonal prism. The -
broken lines indicate the conventional unit cell., For CrS, the Cr is
surrounded by four S atoms in a rectangle while two more S atoms at larger
distances (broken lines) complete an elongated octahedron, Similarly, the S
environment may be regarded either as a slanting trigonal prism or as a -
distorted tetrahedron. CrS possesses the following lattice constants:5

a = 3.826A
b = 5.913A
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We should add that whereby some investigators believe that stoichiometric CrS
is difficult to fabricate, pure CrS has been made (as reported in Ref. 5) in
1899 by Mour]ot.6 More recent studies showed that he actually prepared
CrSq g7 and that pure CrS should have a density of 4.091 g cm'3.

Concerning the specific heat, shown in Figure 3, for CrS].]7 there are
glitches near -130°C and 20°C, which may be indicative of a structural phase
transition.7

CrS does possess a pressure induced phase transition from a
semiconducting to a metallic state.8 CrSe also has the same property. The
resistivities for CrS and CrSe were observed through the pressure transition
using the four-probe method. Measurements have been made up to 70 kbar, and
it was shown that this phase transition is correlated with a monoclinic-to-
hexagonal (NiAs) structural transition. In Figure 4 the experimental assembly
is shown,

In Figure 5 we see the conductivity measurements for CrS. Note the

similarity in behavior to Figure 1. In Figure 6 is given a resistance versus ?fffr3ff{
pressure plot. The change in material state is not abrupt as with some g

sulfides such as SmS, but is quite gradual. The transition pressure is in the
vicinity of 24 kbars at ambient temperature. It is reported that there is a
phase change at 620°K at atmospheric pressures. According to Reference 8, the
mechanism for the semiconductor-to-metal transition in CrS is understood to be
due to a change in the electronic structure of the 3¢4 electron configuration
from a nondegenerate to a doubly degenerate state as the structure changed
from monoclinic to hexagonal symmetry. A similar transition in CrSe is not
well understood.

We were unable to locate any articles on the optical properties of CrS,
and it is likely that no measurements have been made to date. Further, we do
not see the existence of a hysteresis effect in the resistivity measurements -
a normal occurence for materials that switch in optical properties; though the
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o existence of a hysteric resistivity curve does not necessarily imply a change
g in optical constants,
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Cuys
‘ Copper Sulfide

i Copper sulfide occurs naturally in four distinct room temperature
phases.1

CupS (chalcocite)

Cul.gs (djurelite)

Cuj gS (digenite)

CuS (covellite)

An argument has been presented that non stoichiometric phases Cuy_ &S are
mixtures of CupS and CuS in varying ratio.2

At about 100°C copper sulfide undergoes a crystallographic phase
transition. The crystal structure in the low temperature phase is
orthorhombic and the high temperature phase is a mixture of hexagonal and
cubic crystal structures.3 From the temperature dependence of conductivity,
it is observed that Cuj; gS and Cuj; ggS undergo phase transition at 90°C and
93°C respectively.4 Transition temperature for Cu,S rises from 98°C to 108°C
as the composition approaches the exact stoichiometry. Phase transition of
high conductivity CupS is sluggish, while that of the low conductivity CuyS 1is
very fast.

The electrical properties of CupS and several other nonstoichiometric
copper sulfides have been intensively studied by several investigators.
Copper sulfide shows a mixed conductor behavior as its conductivity is partly
jonic and partly electronic. In the copper deficient copper sulfides, the
electronic contribution to conductivity arises from hole carriers introduced
by missing copper atoms. For any stoichiometry in the range (2-6) = 1.8 to 2,
the conductivity is not strongly dependent on temperature, except at the phase -
transition temperature (= 100°C) at which a discontinuous drop in conductivity _'““Qf_i
occurs of typically less than an order of magnitude. Beyond the phase
transition temperature, the conductivity though does vary over about six
orders of magnitude from Cu; gS to CupS. Figure 1 shows the variation in the -
conductivity as a function temperature and stoichiometry; S increases from -. 9

o cthiniaiiinte s




-r
!

Conductivity og ( Q'cm’)

Fig. 1

104

a+a'

10?

10

al

P
......

-.ooti“'-'.'..
...0' 6'\\0 )

10™

1

k

pyyTII2 772707

7777777777

cer e o

. ..
’
}

d

TO

S0

..............

100

T(°C)

Oe vs. T FOR Cu,_35S CORRESPONDING
FIGURE 2.

150

.«

—t

. .

[ AL




bottom to the top of the figure. Table 1 gives a summary of a few important
properties and their variation with stoichiometry for different copper
sulfides. An effective mass of m* = 2,1 has been assumed for all phases.

TABLE 1
Properties of CupS as a Function of Stoichiometry

Stoichio-  Conduc- Mobility  Carrier Plasma  Band
Phase metry tivity Concen- Edge Gap
8 o Cmd/V-s tration N eV
alem-l cm™3 m
Digenite  Cup_gS 2300 0.51 2.8x 1021 o071 2.3
Djurelite  Cuj ggS 350 1072 21022 0.38
Chalcocite CupS 150 3.6 2.6 x 1018 7.4 1.0

Based on the data summarized in Table 1, the carrier concentration increases
by nearly 3 orders of magnitude for a relatively small change in CupS to

Cujp _ggS theoretically causing the plasma edge to shift from 6.55um to
0.334um. Since the mobility is low, it is expected that the plasma edge is
not sharp and an abrupt change in reflectivity is not expected at Ap. The
largest changes in optical properties are expected for relatively small
changes in stoichiometry from Cu,S.

Transmission data for different stoichiometry and different thicknesses
of copper sulfide films are shown in Figure 2. Data for the absorption
coefficient in the spectral region (0.5 to 1.24 microns) for these same films
are shown in Figure 3., The high absorption indicated is most likely due to
direct band transitions. Assuming band to band absorption, the band gap
variation over the above range of stoichiometry is 1.85 eV (for 2-6 = 1,.89) to
2.16 eV (for 2-6 = 1,94), The variation in band gap over the larger range of
stoichiometry i.e., (1.8 < 2-§ < 2) has been reported to be between 1 and 2.6
eV. This large variation in band gap as a function of stoichiometry suggests
a high degree of modulation achievable by absorption/transmission in the
visible to very near IR regfon (0.5um - 1.24m). Figure 4 shows transmission
and reflectivity curves for a different Cuy gs film,
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At longer wavelengths (1.25um - 14.28um) it has been observed that the
absorption decreases with increasing wavelength and the reflectivity increases
steadily from about 28% at 2.5 microns to 32% at 20 microns for Cu,S.

« 47 T v Vet . ¢

The initial work carried out at IITRI consists of four phases: (1) thin
film preparation, (2) characterization and determination of the stoichiometry,
(3) investigations on the optical and electrical properties of the films as a
' function of temperature and applied electric field in the spectral regions of
interest and (4) develop concepts for some useful devices in the light of the
conclusions drawn from the above mentioned studies. Thin films were deposited
on sapphire glass, or sodium chloride substrates heated to a temperature of
200-250°C. Three different techniques using Cuj gS as the starting material
have bheen employed for evaporation; namely, flash evaporation, thermal
evaporation using a flat heater above the boat and finally the electron beam

Rl e ol i o

Clecina dae S SRR A

method. The first two techniques were most often used. The thickness of the
sample was monitored using a quartz crystal oscillator. The substrates were
placed at different heights with respect to the evaporation source. By so

! doing, the stoichiometry could be changed from sample to sample. The films
deposited on hot substrates were annealed at the substrate temperature (250°C)
for 4 to 6 hours and then cooled to room temperature. The film thicknesses
varied from a few tenths of a micron to about 1.5m. The films were deposited
at a background pressure of 1 x 10~% torr. The particle size of the copper
sulfide powder used for evaporation is 100 mesh.

LASn Sl e 4

Transmission and reflectivity measurements were carried out initially in
the spectral region 1-15mm. Since the plasma edge is lower than 2.5um, we
have concentrated our investigations mostly in the spectral region 0.5 < A <
2.5u. The measurements were taken in two steps: (1) the transmission and
the reflectivity were measured at room temperature as a function of ) N1
wavelength. The sample was then heated to 100°C and the transmission and the '
reflectivity measured again. (2) Starting from room temperature and
selecting a fixed wavelength A, the sample was heated gradually. There was a
continuous change in reflectivity and transmission as the temperature changed
from room temperature to about 100°C. Figures 5 and 6 show this interesting
feature of the copper sulfide film and it is reasonable to expect that this
effect will be useful for achieving a high degree of modulation by
reflection/transmission from the copper sulfide films in the visible to very
near IR region (0.5um - 2.5um).
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Experiments with the films have indicated that (1) copper ions can be
electrically transported in and out of copper sulfide thin films, (2) the
transmission and reflectivity of copper sulfide films changes substantially as
a function of stoichiometry and (3) the refractive index in the very near IR
changes as the material undergoes a thermal phase transition at about 100°C.

To validate that the stoichiometry of copper sulfide can be electrically
varied, electrochemical titration measurements were made on two cells. The
first cell consisted of pressed pellets of CuBr and CupyS sandwiched between a
copper and platinum electrode. The second cell consisted of a copper sulfide
film on a glass substrate mechanically held in contact on one end with a
platinum electrode and at the other end a CuBr pellet. The cells were heated
in a tube furnace to about 350°C and the cell EMF monitored after passing a
fixed current through the cell for varying amounts of time. A dc power supply
was connected across the cell and a thermocouple placed in contact with the
cell. The current through the cell as a function of temperature, Figure 7,
was obtained by applying the voltage across a series resistor and the
thermocouple output to inputs of an x-y recorder. Measurements of cell EMF
were made at a fixed temperature (= 320°C) after passing fixed current through
the cell for a measured amount of time. Measurements were made with the power
supply circuit open., The cel) EMF was found to be variable from zero
millivolts to 0.02 millivoits and to be repetitively reversible by reversing
the polarity of the power supply. The stoichiometry of the copper sulfide in
the cell for a given EMF was determined by assuming zero millivolts for
x = 2,0 and calculating AX from Faraday's law and measured values of current
and time. The experimental configuration and general characteristics obtained
are shown in Figure 7 and 8.
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CMZSe
Copper Selenide

Above 110°, CupSe has a fcc lattice with a = 5.843 the low temperature
modification has not been interpreted 1 The lTow temperature form of Cul 955e
is tetragonal with a = 11, 57A and ¢ = 11, 74A above 103°C it is converted to
an fcc form with a = § 85A.2 The transition temperature decreases with the
copper content and in the case of Cuq .gpSes 1,2,3 3 fcc lattice is observed
with a = 5,75- 5.65A depending on the copper content, 6 and with a roughly
assessed region of homogeneity Cu1_82_1.755e.4 Figure 1 shows lattice
con.tants of Cup_,Se as a function of composition.

The high temperature phase of copper selenide is characterized by
stability in a very wide range of nonstoichiometry, §, and large ionic
conduction together with hole conduction coming from copper deficiencies.
These characteristics are attributed to a special crystallographic “average
structure" where copper ions are distributed statistically over a number of
available sites.® This average structure is similar to that found for copper
sulfide and similar electrical and optical properties are, therefore,
anticipated.

The electronic conductivity of copper selenide as a function of
temperature is shown in Figures 2 and 3 for several compositions. The roman
letters a,b,...1 in Figure 3 correspond to compositions described by the phase
diagram shown in Figure 4, A phase transition occurs for temperatures on the
order of 100° to 120°C, the magnitude of the conductivity change depending on
the composition. When the temperature is dropped below the phase transition,
a mixture of o and B phases generally results. In order to achieve a single
phase of g, it is necessary to add copper.
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CuyTe
Copper Telluride

Thin films of Cu,Te have been grown on single crystals of KCl maintained
at room temperature by evaporating its constituents from the same boat.!
Homogenezation was achieved by annealing the films at 300°C. Electron
diffraction patterns of the film revealed polycrystalline growth with
hexagonal structure having lattice parameters a = 12.545; c/a = 1.731. Films
deposited on heated substrates revealed polycrystalline graowth indicating that

to obtain oriented growth higher temperatures are necessary.

At 410°C a phase transformation occurs to a face centered cubic structure
with a = 6,11A.2 0On cooling the films, it was found that the original
structure was not regained with 340°C indicating significant hysteresis.

Very little information was found on the optical properties of the
compounds of copper with sulfur, selenium and tellurium. A translation of a
Russian paper describes an analysis of the absorption spectra of CusS, CuySe
and CupTe. The shapes of the fundamental absorption edges are shown in Figure
1.3 some nontranslated information is referred in References 4 through 10,
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square (2, 4, 6) vs incident light frequency
for Cu,S (1, 2), Cu,Se (3, 4) and Cu,Te (5, 6).
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FeS
Iron Monosulfide

FeS amd Fe;_,S and their associated physical properties are still not
thoroughly understood. The degree of sulfur content has a profound effect on
the nature of physical phase transformations, and possibly even the electrical
and optical properties.

For FeS, there is a phase transition around 140°C. This is a ferro-
electric to a paraelectric transition and the structure changes from 1C to 2C
superstructure.1o2r3 The conductivity (and hence resistivity) is highly an-
isotropic.4 The electrical conductivity changes sharply at the o-trans-
formation along the c-axis, but not perpendicular to it., Further, the o
transformation is sensitive to pressure which lowers the transition temper-
ature by 2.2K/kbar.5 For Feyj_xS there is evidence that there is a second
phase transition for increasing x called the k-transition. Magnetic suscep-
tibility measurements appear to confirm this hypothesis.1

There exists a f-transition at 325°C common to all stoichiometries. For
> >
E 11 ¢, FeS undergoes a semiconductor to metal transition at 411°K. For
E 1 E, no phase change is exhibited., For a concise review of the phase

transformations in Fe,_,S and FeS along with a phase diagram, reference 6 is
suggested.

The resistivity of FeS (p = 1/0) can be inferred from Figures 1 and
2.4%7 The sudden varfation in o indicates a phase transition - usually
optical changes accompany these changes in electrical properties.

In Figure 3 we see how the resistance R varies for nearly stoichiometric

Fei-xS as a function of temperature. Note the presence of hysteresis near the
transition temperature,

Finally, in Figures 4 and 5 we see the change in magnetic susceptibility
»> »> > >
for H Lc and H 11 ¢ for H = 3.6k0e. Note the difference in curves.®

No optical properties on FeS or Fe;., have been located in our literature
search. The possible changes in reflectivity either are not known or are not
striking across the phase transition temperature to warrent much attention,

It is suggested that some relatively easy reflectivity measurements in the

............................
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2-20m region be made across the phase transition temperature to determine if
‘ FeS should be subjected to more exhaustive electrical and optical
i investigations,
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5 Iron Disulfide, Pyrite or Marcasite

FeSy, or pyrite is a transition-metal dichalcogenide which is a Van Vleck
paramagnet and a semiconductor.!»2 The room temperature resistivity is about
A 0.1 @-cm, which classifies it as a poor conductor. There are two forms that ST
ii FeS, exists in, pyrite and marcasite.3 The former is cubic with the rock salt - be‘"

' structure with the Fe*2 and 52 jons at the lattice points. Each Fe*2 is in -
an octahedron surrounded by sulfur atoms and each sulfur is surrounded by
three Fe*2 jons and one sulfur. For the marcasite structure, which is a S
deformed rectile or CaCl structure, the sulfur atoms are packed hexagonally ' 'qi‘
and half of the octahedral holes are filled with Fe atoms. The crystal
structures of each state have been investigated at different temperatures and
pressures,%s5

Depending upon the chemistry of the material, both p-type and n-type o
semiconductivity have been reported. Further, it has been reported that Lo
marcasite is more conducting than pyrite.6 FeS, has an optical energy band .
gap of about 0.9eV, The activation energy from electrical measurements is . -

about 0.2eV around room temperature and around 0.5ev at higher temperatures.7 -9 RE
Figure 1 shows the crystal structure for pyrite.

In Figure 2 we see the resistivity - temperature plot for FeS, and Nis, 'i;:;f‘
from 100°K to about 600°K.8 We see that p (@-cm) varies from about 2 x 1071 g
to 100 over a span of about 100°K. In Figure 3 we see the resistivity of "f’f7*1
pyrite as a function of reciprocal temperature.2 We see that the n-type and 1;:;21;1
p-type resistivities are markedly different -- each sample was obtained from {i';,t
different natural single crystals of FeS,. The samples in this study were SR
claimed to be of extremely high purity. T

There exists a reasonable amount of data on the optical properties of
FeSy,, mostly on the pyrite structure. In Figure 4 we have the infrared ARSI
reflectivity from 0.03eV to 0.15eV, which corresponds to 41im and 8.3m, e ]
respective1y.9 This range of measurement is, we believe, very significant for
the understanding of how FeS, can be used in a hardened optics system. The
very important 10.6im 1ine is included. This particular set of data was taken
at 300°K, however. The structure indicates lattice or phonon dynamics near
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T

Figure 1. Crystal structure and primitive unit cell of pyrite.
The black spheres represent iron atoms, while the e
white spheres represent sulfur atoms.
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the long wavelength end, and a flat profile for energies greater than 0,07

ev. We must add that this same identical behavior occurs for 8-Ag,S; the flat
profile corresponds to a constant index of refraction and negligible
extinction. For aAg,S, there is a significant change as the materfal becomes
a Drude metal, If FeS, undergoes a phase change at some temperature above
300°C, and assuming that it may be at least approximately a Drude metal, then
there is good reason to believe that the optical properties will significantly
change, We should point out that for pyrite, a phase transition is not yet
known with certainty, wheras marcasite appears to undergo a crystallographic

transition near 400°C to pyrite structure. The below flow diagram illustrates
the state of knowledge:

further phase transitions unknown

"

J& —T = 300°K = = —] = — — room temperature

—_——— T = 673°K

\

Pyrite arcasite

FeS,
stable crystal structures

The UV data for FeS, (pyrite) is given in Figure 5.9

The dielectric constant e{(w) for FeS; in the pyrite form has been
computed from the near-normal incidence reflectivity data in the 200 cm™l ¢to
700 cm~! range. To compute €' and €" from R, efther the Kramers-Kronfg or
classical oscillator fit can be used though the former requires data

extrapolated between 0 cm™l and » cm™l (infinite frequency dielectric
constant). Then for € = ¢ + § €', where

elw) - 1 2
R(w) =
elw +1
A-82
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the classical oscillator model has s wl -

B "o, W (j o)
r e‘ = e.+2 —T%—r—ﬁ.
' ( )

] "’j - + (ijjw)
" 2 4 2 YW, W
€ = "o, W .
i AT e

for oscillator dispersion frequency wj, damping constant vj, and oscillator
strength for the jth mode Pje From €' and ¢" we can derive n and k via the
formulae:

e =n? - k2,
€ = 2nk.

In Figure 6 we have the reflectivity spectra for FeS, as modelled using
the above formulae. In Figure 7 we see the quantity |e| = /eer = (e 2 +
8"2)1/2. Figure 8 gives ¢ and Figure 9 gives e'. Figure 10 gives ¢ and €
for higher energies. In Figures 11, 12, and 13 we have the refractive index
and extinction coefficient for FeS, (pyrite structure).

The optical energy gap of FeS, {s indirect and at 300°K we have Eg =

0.92ev.10 The energy gap is temperature dependent and obeys the Varshni
formula:

£ (T) = E.(0) - —o°
g’ g IR

where Eg(O) is at 0°K and « and B are constants that are determined by ]

experiment. Here - 8
Eg(O) = 0.835eV

1

.- -4yyey-1 ]

a 6.5 x 10" %eVv°®K -~A.—~_1

8 = - 1395°K }

The energy level scheme of FeS, (pyrite) is given in Figure 14,9
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There does not appear to be any difficulty in growing single crystals of
FeS, unless one desires to carefully distinguish pyrite from marcasite (in any
case, the crystals can be grown at an elevated temperature to get pyrite).

The FeS, crystals are grown similarly to CoS, and NiS, crystals. We have not
found any literature on the thin film deposition techniques for FeS,.
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wfs,
Hafnium Disul fide

Hafnium disulfide is a group IV transition - metal dichalcogenide which
has attracted interest primarily due to its anisotropic behavior in the far-
infrared. HfS, can be prepared via direct reaction at around 900°C to get
single crystals; they are of dark red color. The crystals possess the CdI,
type hexagonal structure (Figures 1,2) with a = 3.635 A and ¢ = 5.837A. HfS,
is basfcally an insulator with diamagnetic behavior with a measured optical
gap of 1.96eV.l From reference 2, the measured lattice parameters are given
as a = 3.63Aand ¢ = 5.854A and the coordination (at the metal atom) is
octahedral,3

A typical plane of the HfS, crystal consists of metal atoms sandwiched
between two planes of the chalcogenides. Within a layer, each metal atom is
octahedrally surrounded by six sulfur atoms as seen in Figures 1,2, We should
now point out that while reference 1 indicates HfS, to be an insulator, from
the crystal structure properties, reference 3 suggests HfS, to be a
semiconductor,

A fair amount of experimental data exists on the optical properties of
HfS). This includes absorption measurements, transmission and reflection
measurements. A1l measurements that we have been able to locate were taken at
room temperature. Further, there is a dependence on the crystal orientation
because of the anisotropy inherent in the material.

Figure 3 shows the measured behavior in the far infrared for both HfS,
and HfSe,. Here the electric field vector, E, is perpendicular to the c-
axis. A classical oscillator fit is given for comparison. Figures 4,5, and 6
show the reflectivity of HfS, for higher energies; note that these
measurements are in good agreement.4 In Figure 6, the experiment and
theoretical spectra show disagreement though the salient features are
similar, Figures 7 and 8 show the measured absorption coefficient
(a, in cm™!) and transmittance (for a 70u thick specimen of HfSZ).3

Detailed information concerning the band structure of HfS, is avai]ab]e.3

though we have been unable to locate much data on the electrical character-
fstics, eg., resistivity (conductivity) as a function of temperature, carrier
concentration, etc.
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Figure 1. Symmetric unit cells for the C6 (1T-Hf52), c27
(2H-Ta$2), and C7 (2H-MoSz) crystal structures.

Figure 2. (a) Hexagonal unit cell of HES,. (b) Octahedral
coordination within one layer.
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It remains to be seen if HfS, undergoes a phase transformation and how
such a transition will affect the optical behavior.
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NfS3
Hafnium Trisulfide

T DR

Hafnium trisulfide or HfS3 is a transition-metal trichalcogenide which
crystallizes momoclinicaﬂy.l’2 The metal ions are in the center of distorted
, trigonal prisms which share trigonal faces forming isolated chains., The
- chains run parallel to the b crystallographic axis and are displaced from
neighboring column by one-half the unit cell along the b axis. The monoclinic
unit cell contains eight atoms as seen in Figure 1.3 1Its dimensions are
a= 5.093, b= 3.59&, c = 8.973, g = 97.38&, and the crystal's space group is
Cgh. (Here Can consists of a twofold rotation about an axis, a reflection
through the plane perpendicular to this axis and the inversion through the
origin. Further information details on the meaning and nature of space groups
can be found in reference 4.) There are 24 normal modes at the center T of
the Brillouin zone which can be represented by the irreducible representation
of the C,p, point group. Of these normal modes, 12 are Raman active and 9 are
infrared active, These two types of activity are mutually exclusive because
an inversion center is present. HfS3 crystals can be grown using the chemical
vapor transport technique using iodine in concentrations of 2-4 mg em™3 tube
volume.® The best crystals are synthesized with the temperature at the end
- of the ampoule at 800 and 900°C.

HfS3 shows several Reststrahlen bands in the far infrared. Figure 2 " ','j 1
shows the reflectance for both polarizations and a comparison with the
classical oscillator fit model. Figure 3 shows the calculated frequency
dependence of the imaginary part of the dielectric constant (e(V) = g (V) +
ie(v)) for both polarizations. The optical parameters can be calculated -0
using the Xramers - Kronig or classical oscillator methods. Figure 4 shows o
the transmission spectra for HfS3 at room temperature.3

Concerning the classical oscillator technique: A first approximation for

the oscillator parameter was obtained from the complex dielectric permittivity . )
e = g + ig, and the energy-loss function, - Im{1/c"). The position of the ﬂij;
peaks in & and in - Im(1/€") located the TO and LO phonon frequencies, .}} 
respectively, The reflectivity spectra were analyzed by finding the "‘
parameters of the damped oscillator factorized form, i P
. .
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Figure 1. (a) The structure of HfS; projected along b axis.
Hafnium atoms are indicated by hatched circles and
sulfur by open circles. Atoms with heavy contours
are at y = 1/4 and those with light contours at
y = 3/4. (b) A chain of HfS3 along b axis.
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E here ¢, 1s the high frequency dielectric constant, w5T0s Y§TO» and wiL0s YjL0 ff;
- are the frequency and damping of the jth oscillator for the transverse and R
longitudinal phonon, respectively. It has been observed that the magnitude of . @

the reflectance is very crystal dependent, affecting thus the calculated
values for ¢, YjL0» and ¥§T0" Here w510 and wypg are insensitive to the
effect., For ¢, the measured value depends on symmetry type, values being o
either 8.7 or 10.0, In reference 3, the various classical oscillator .
parameters are tabulated. HfS; is very similar in optical properties to Zrsj,

For wavelengths shorter than 350 cm™l the reflectivity becomes flat and
fairly constant - this is characteristic of many of the transition - metal .-

chalcogenides and dichalcogenides. We have not found any literature

pertaining to a possible phase transition and accompanying change in optical - '

characteristics. AU

e
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HgS
Mercury Monosulfide or Cinnabar

Cinnabar or HgS exists in two polymorphic forms.! The form aHgS is
stable at room temperature and possesses the cinnabar structure. The high
temperature form f~HgS, or metacinnabar, possesses the cubic zinc-blende
structure. The unit cell of oHgS contains 3 HgS molecules. B-HgS is black
and is obtained by precipitation from mercuric salt solutions; it is converted
to oHgS on heating. The phase transformation between trigonal (o-HgS) and
cubic (8-HgS) forms of HgS takes place between 280 and 340°C.2»3 At high
pressures, HgS transforms to a distorted NaCl-type structure.4 A new
hexagonal form of HgS has also been reported.5

g~HgS is an n-type degenerate semimetal. The Fermi level is 0,leV above
the bottom of the conduction band. o-HgS is an insulator with electron
mobility of the order of 30 cm/V-sec. oHgS is photoconductive with a peak
photoconductivity at about 6000A,

The optical properties of black 8-HgS show that its band structure is
similar to that of oSn. Also, HgSe and HgTe are zero gap semimetals with
similar properties.

For oHgS, Figure 1 shows the infrared reflectivity from 20ium to
50mm, The structure gives information concerning the lattice structure of the
material,® In Table 1 is presented the refractive (birefringent) indices for
aHgS between 0.62um and 11.0mm, Using the formula

R = (n-1)2 ,

(ne)?
we can compute R assuming no extinction.’ 1In Figure 2 we have the
transmission spectra for oHgS at two temperatures: 77°K and 295°K., From
150em™! to 250cm™1 there is a significant change in the transmittance -- that
the reflectivity may alter is a possibility since there is a change in the
extinction coefficient.

For g-HgS, the static dielectric constant is 18,2 at room temperature as
calculated from the transverse and longitudinal phonon structure using the
Lyddane-Sachs-Teller relationship.’»8 The high frequency (infinite)
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TABLE I
o TEMPERATURE 25°C

A u) (v = 1/))x 107% n® n°
cm !

0.62 1.6129 3.2560 2.9028
0.65 1.5385 3.2064 2.8655
0.68 1.4706 3.1703 2.8384
0.70 1.4286 3.1489 2.8224
0.80 1.2500 3.0743 2.7704
g 0.90 1.1 3.0340 2.7383
X 1.00 1.0000 3.0050 2.7120
1.20 0.8333 2.9680 2.6884
Fﬁ 1.40 0.7143 2.9475 2.6730
3 1.60 0.6250 2.9344 2.6633
. 1.80 0.5556 2.9258 2.6567
3 2.00 0.5000 2.9194 2.6518
ii 2.20 0.4545 2.9146 2.6483
- 2.40 0.4167 2.9108 2.6455
k 2.60 0.3846 2.9079 2.6433
3 2.80 0.3571 2.9052 2.6414
Fi 3.00 0.3333 2.9036 2.6401
| 3,20 0.3125 2.9017 2.6387
. 3.40 0.2940 2.9001 2.6375
- 3.60 0.2778 2.8987 2.6358
b 3.80 0.2632 2.8971 2.6353
3 4.00 0.2500 2.8963 2.6348
5,00 0.2000 2.8863 2.6267
. 6.00 0.1667 2.8799 2.6233
7.00 0.1429 2.8741 2.6156

8.00 0.1250 2.8674 2.6112 R

9.00 0.1 2.8608 2.6066 Qf?rf“;,ﬁ

10.00 0.1000 2.8522 2.6018 - '"”-T

11.00 0.0909 2.8434 2.5914 - ®
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dielectric constant is calculated to be 11.36 using this same relationship.
B~HgS has a high carrier concentration causing difficulties in deriving values
for the static dielectric constant from the opticalreflectivity data in the
far infrared beyond the reststrahlen band. The high reflectivity values at
wavelengths above 100im indicate that the absorption of light in the material
cannot be neglected.

We have, however, been unable to locate much literature concerning the
phase transition itself between a - and A-HgS. The temperature is not exact,
but depends on pressure. Also, we have been unable to locate published
reflectivity curves for B-HgS which would allow us to make a direct comparison
for each state at a given wavelength., We believe that HgS can be put in the
category of "possible candidate material," but a deeper search into the
literature is necessary. Further, it appears that due to the presence of the
phase transition, it is difficult to grow pure crystals of oHgS. We do not
know if thin films of HgS can be produced.
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lﬂzS3
Indium Sulfide or Di-Indium Trisulfide

In,S3 exists as cubic o-InyS3 and tetragonal B-InpS3. Until recently, no
detailed studies on the structure and the vibrational properties of In,S; have
been reported.

B-In,S3 is the stable room temperature phase. At 420°C there is a
transition to o-InyS3. The B-phase is tetragonal and undergoes a disordering
into the cubic defect lattice having the cation sites and the vacancies in a
random ar'r'angement.l’2 Above 750°C, there is a third phase, Y-In,S3, which
possesses a trigonal structure.3 There is a fairly extensive literature

concerning the crystal structure of these phases of In,S3, a summary of which
is given in Reference 4.

B-In,S3 is a birefringent material. We have 10cated*4ata on its far
infared reflectivity for when the electric field vector (E) is both parallel
and perpendicular to the crystal Z axis, The reflectivity spectra is
dependent on whether the sample is quenched or annealed. The results are
shown in Figure 1., Note that the quenched sample shows a much higher
reflectivity in the low-frequency range than the annealed sample. There are
eight vibrational bands.

In Figure 2 we have the analogous measurements for o-In,S3. Again, there
is a noticable difference for each sample,

The literature indicates that InpS3 is a switchable phase transition
material; but as Figures 1 and 2 illustrate, the far infrared spectra does not
change appreciably with phase, but rather more so with sample preparation. We
have been unable to Tocate any literature on the electrical or near IR
properties of In,Sj.
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MnS
Manganese Monosulfide

MnS or manganese monosulfide occurs in three forms. They are the “green
form" or o-MnS and the “pink form" or B-MnS.”  a-MnS possesses the same
crystalline structure as NaCl whereas the A-MnS form has the zinc blende or
wurtzite structure.l For all three forms, each Mn*2 fon has twelve nearest
neighbors, however the number of adjacent 52 atoms varies. For the oMnS
form with the NaCl structure there are six S~2 neighbors to each Mn+2; for the
zinc blende or wurzite structural form there are four S~2 neighbors, For
o-MnS, each Mn*2 fon is bonded through a sulfur atom to its twelve nearest
neighbors by 180° linkages, i.e., Mn-S-Mn linkages. 1In the g-species, each
Mn*2 is bonded tetrahedrally through sulfur atoms to its nearest Mn

neighbors., The crystal lattice parameters have been studied as a function of
pressure and temperature.2~4

B-MnS is meta-stable at room temperature. At about 200°C, it undergoes a
transition to oMnS, Further, B-MnS changes to o«MnS under high pressuv‘es.5
a-MnS also undergoes a small rhombohedral deformation below the Neel
temperature, Preparation of oMnS is usually (for single crystals) done using
the vapor transport me thod, Single crystals of B-MnS have been grown from
silica gels under proper conditions of temperature and concentration.’

For oMnS, the specific heat shows a cusp in the vicinity of the Neel
temperature, as shown in Figure 1.8

In Table 1 and 2 and Figure 2 we present further data on the magnetic
structure of the three polymorphic states of MnS.9 In Figures 3 and 4 we
present further information on the sructure of the MnS lattice in all three
states. Note that MnS's three polymorphs can exist at room temperature,
though as mentioned above, oMnS can be converted to BMnS at certain

temperatures and pressures, In Figure 5 we see the magnetic ordering scheme
for cubic B-Mns.l0

* B-MnS alone possesses two different crystalline states - see Table 1.
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The cubic form of B-MnS undergoes a first-order magnetic phase
transition. Also, this phase transition displays a hysteresis type .
character.10 A theoretical study for this transition developed a magnetic — °

ordering Hamiltonian which predicted that this transition may be either first
or second order in nature,l0

There appears to be an adequate understanding of the electrical s
properties of oMnS. For oMnS, the conductivity increases with temperature, . ®
as expected for a semiconductor; the exact magnitude also depends on
| stoichiometry.!l There is a structure in the conductivity curve (a "knee")
b near the Neel temperature at 152°K. The conduction mechanism in MnS probably L

involves hopping, Figure 6 shows the temperature dependence of the - e .

resistivity for oMnS. Figure 7 shows the same parameter after two heating- |
, cooling cyc'les.12 In Reference 8 a bond model for oMnS was developed to aid
k in explaining the electrical and optical absorption properties.

i There are three main absorption peaks for oMnS, denoted by A, B, and o
C. They are at 16,420 cm™!, 19,398 cm™l, and 22,016 cm™l, respectively, and S
are due to transitions with the d-electrons.® Further, these peaks show a B .‘,:
slight variation in amplitude and position with temperature, as shown in i
Figure 8, There also seems to be a dependence on the method of sample D
preparation., Note that the optical absorption is related to the coefficient o
of extinction k by the relation:

a=—7—u

In Figure 9 we see how the absorption coefficient appears if we compute
it from k using data obtained from reflectance measurements. Conversely,
since a varfes with temperature, it is safe to say that reflectance will vary, -
perhaps only slightly, with temperature. ‘

In Table 3 we give the variation of the index of refraction in oMnS with :
wavelength, This was determined by making thin fiims of oMnS and using the e
relationship: o

mA = 2nd

where d is the film thickness and m an integer. Reflectance losses at each
surface was taken into account,® o

g -
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TABLE 3
VARIATION OF INDEX OF REFRACTION WITH WAVELENGTH FOR o-MnS

Wavelength ) i-.‘f.’f 4
(microns) Index of Refraction (n) : o

0.6 2.807 *
0.7 2.753
0.8 2,720
0.9 2.697 o
i 1.0 2.682 A
1.1 2.671 o
1.2 2.663 R
1.3 2.657 C ]
1.4 2.651 N I
1.5 2.646
1.6 2.642
' 1.7 2.639 o
i 1.8 2.637 .9
1.9 2.634 };‘;gth
2.0 2.632 :
. 2.5 2.628 ORI
i 3.0 2.625 - -. i
]
3
1
i

H .
NPy \ P I

[

4.0 2.614
5.0 2.605
6.0 2.595 :
7.0 2.582 -,!._T«
8.0 2,570 g "
9.0 2.554 S
10.0 2.532 L
1.0 2.508 -9 i
12.0 2.478 L
13.0 2.435
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Figures 10, 11 and 12 show the far infrared, infrared, visible and UV
reflectance for o«MnS, Note that near 30-40 microns a feature which can be
modeled using an oscillator fit appears. From the reflectivity data the
dielectric function € = € + ie can be derived. Also, from this we can
derive the index of refraction and extinction coefficient. These are shown in
Figures 13 and 14, n and k can be obtained from R using the Kramers - Kronig
method, whereas € and e, can be obtained from n and k via the equations:

n - k2

€1= »

& = 2nk .

From E, we can compute other parameters for the material, such as the plasma
frequency and plasma edge in the UV, if it exists (usually in metals). The
band gap for oMnS is 3.2eV, which leads us to conclude that it is an
insulator. We have not been able to determine the corresponding optical
properties for the two states in B-MnS.

We suspect that if B-MnS possesses a metallic character, that the
absorption will markedly change throughout the infrared. There is no known
Titerature that addresses the nature of the phase transition or if it is
reversible, except that dealing with magnetic structure. Exactly how the
optical properties change is also unknown.
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MnS, is a transition-metal dichalcogenide with the pyrite type crystal
structure. MnS, is a semiconductor with a band gap in the near infrared; it
is paramagnetic and becomes antiferromagnetic at about 49°K. The bonding of SRR
the sulfur atoms is in the form “pseudo-tetrahedran" with a sulfur atom at the ISR
center, one arm formed by a sulfur-sulfur bond and the other three arms formed ]
by sulfur-metal bonds. The metal atoms are sixfold coordinated to their IR
nearest neighbor sulfur atoms. The arrangement of the bonding to the sulfur
atoms is that of a distorted octahedran.ls2
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The agnetic susceptibility of MnS, has been measured at various tempera-
tures and tne magnetic unit cell is twice the chemical unit cell.’3 According
to Reference 4, the antiferromagnetic - paramagnetic phase transition is at
49,20°K, as determined by susceptibility measurements. Also, heat capacity
studies give a transition temperature of 47.93°K.998 The electrical

properties of MnS, have been explained qualitatively by a semiempirical
molecular orbital scheme.’ MnS, appears to be the only pyrite that exhibits
localized electron behavfor;8 in the other pyrites, covalent mixing with the

two o bonding orbitals of e symmetry (charge symmetry) is strong enough to
create a narrow o -bond of itinerant electron states as well as a low=-spin
state of thevcation.9

Figure 1 illustrates the pyrite structure, Here "X" denotes a sulfur

atom, but it can also be a selenium or tellerium atom.3

In Figure 2 the
magnetic susceptibility measurements for MnS,, MnSe, and MnTe, are presented,
all as a function of temperature. For these measurements the Gouy method was
used in the range 76° - 500°K. [Let us recall what the magnetic
susceptibility is. Let ﬁ be the magnetic polarization of a material which is
derivable in terms of the magnetic dipole moment per unit volume. The
magnetic polarization of the material produces a magnetic flux density which
is sectionally additive to the magnetic flux density present in free space to

constitute the net magnetic flux density §. That is:
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Often ﬁ is proportional to ﬁ, the constant of proportionality being the
magnetic susceptibility, Xpe Hence ﬁ = X ﬁ. and for 5 = uﬁ we have u =
Wy * ¥y for u, the magnetic permeability of free space and u the
permeability.]

Concerning the optical properties of MnS,, we have only been able to
Tocate one paper which presents reflectivity curves in the far infrared in the
140 - 450cm™1 region. This region is primarily of interest for studying the
phonon structure of the material and to determine the necessary parameters for
a classical oscillator fit. Figure 3 and 4 show the reflectivity and a 3- and
4-fit classical oscillator curve for comparison. We see that the 4-fit model
more accurately fits the experimental data, as expected.1

An important observation is the nature of the curve for frequencies above
280cm™1, This has resemblance to the curve for FeS,. This type of phenomena
also occurs for B-Ag,S. From the little we see, we can extrapolate to
conclude that MnS, is transparent in the IR through the 10.6um and 3.8m
lines., 1If there is a phase transition at some temperature above 300°K (which
is unknown), then it is likely that this curve may undergo a significant
change. That is, MnS,, 1ike Ag,S, may go from a semiconducting state to a
metallic (Drude metal) with a large alteration in optical constants, e.g., n
and k, the index of refraction and extinction coefficient. To date, such a
change has not been observed,
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MoS,
Molybdenum Disulfide or Molybdenite

Molybdenum disulfide (or molybdenite) is a hexagonal layer compound and
occupies a central position in the large class of layered compounds formed by
transition metals and sulfur, selenium, or tellurium. Molybdenite exists in
two polytypes, 2H-MoS, and 3R-MoS,, depending on the arrangement of the
S-Mo-S layer.1 In both forms the Mo atom is surrounded by S-atoms forming a
trigonal prism. The 2H-MoS, structure can be transformed to 3R-MoS, under
high preSSure.2

MoS, is a diamagnetic semiconductor, which, due to the layered structure,
exhibits both electrical and optical anisotropy. MoS, also exhibits
photoconducting properties.3 A fairly good, but brief, review of the

properties of MoS, including a band structure diagram for 2H-MoS, is given in
Reference 4.

RBefore preseating curves on the optical properties of the two polytypes
of MoS,, we shall technically define what they are, Each polytype have
trigonal prismatic coordinates. The 2H polytype refers to 2 layers per unit
cell stacked in hexagonal symmetry (space group D46h). The 3R polytype refers
to 3 layers in rhombohedral symmetry and belongs to the space group C53. The
layers are bonded together by the weak van der Waals force, similar to
graphite - as a result MoS, is an excellent lubricant. Figure 1 shows the
primitive unit cell arrangement for 2H-M052.5

Optical reflection studies have been performed for MoS, in the far
infrared, visible, and UV regions of the spectrum. These measurements were
made with the polarization electric field vector either parallel or
perpendicular to the c-axis of the crystal. That is, for g 1 g or E 1 Z.
MoS, shows reflectivity curves that can be modeled by the classical oscillator
theory. In Figure 2 we see an example of the FIR spectra in the 300 em~! to
the 550 cm~! range.5 A1l published measurements of R in the FIR for MoS,
indicate this type of structure which yields information concerning the phonon
structure of the lattice. These studies have been performed almost
exclusively at room temperature - no temperature dependence has been reported.
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Reflectivity measurements in the visible have, however, been done at
T = 100°K as shown in Figure 3.% Curves (2) and (3) in Figure 3 are different
because curve (3) is obtained from the cleaved crystals. These are all normal
incidence measurements.

Transmission measurements appear to be primarily in the near w.” There
appears to be only one curve illustrating how the optical properties of MoS,
change with temperature.7 This curve is shown in Figure 4. These twin peak.
are in the near UV, however.

Most studies concerning MoS, are not about any possible phase tran-
sition, It is not clear if one exists, and if so, what the accompanying
changes in optical and electrical properties are and to what extent.
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Mo,S3
Dimolybdenum Trisulfide

l Mo,S3 has recently been shown to undergo three distinct phase transitions
' below room temperature.l The phase transitions were observed via resistivity
and magnetic susceptibility measurements for single crystal samples.

- The crystal structure of Mo,S3 has been determined to be monoclinic, the
space group of which being C%h.2’3 There are two formula units per unit
cell, The sulfur atoms form a distorted close-packed lattice with the Mo
atoms inserted in two-thirds of the octahedral holes of this lattice. The Mo
atoms are shifted from the centers of the S octahedra whereby zig-zag Mo-Mo
chains are formed along the crystalline b-axis. These Mo-Mo distances in

these chains are comparable to those in pure molybdenum metal, whereas the
metal-metal distances perpendicular to the b-axis are considerably larger.
- Therefore, MopS3 is expected to exhibit quasi-one-dimensioral behavior.

Single crystals of Mo,S3 are prepared by the vapor-phase transport
technique with jodine as the transporting agent. The crystals are grown at
very high temperatures and chemical analyses can be used to accurately
determine the stoichiometry.1

The resistivity of the samples are measured using the standard four-probe 3‘?f-f;“f
technique. The magnetic susceptibility of Mo,S3 is measured by the Faraday Rt
method (magnetic field strength of 10.4 kOe) using a Cahn electrobalance.?

i Sample temperatures are determined by resistance thermometers and by Stokes- R
antistokes measurements.

Figure 1 and 2 show the resistivity of Mo,S3 as a function of temperature
for two different cooling rates.! For Figure 1, it is 1°K/min and for Figure
2 it is 5°K/min. There are hysteresis curves corresponding to first-order
phase transitions at 182°K and 145°K on the cooling cycle and at 198°K and
: 180°K on the warming cycle. There is also a large and broad peak in the S
Ei resistivity at 80°K, and some hysteresis is evident. In Figure 2, these phase oo
h transitions are still visible but less abrupt. For cooling rates in excess of -
10°K/min, the peak at 80°K disappears entirely.

o ie

Figure 3 shows the results of susceptibility measurements.! The ~$:fl{5?}
temperature range is 60 - 300°K. Mo,S3 is a diamagnetic substance and note

..............................................
..................................
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that x is small for all temperatures (where x is the susceptibility). Note
that the changes in x occur at the same temperatures that the resistivity
changes, and that a hysteresis effect also occurs. This type of behavior is
due to a loss in Fermi surface at each transition, since fewer carriers would
reduce the conduction-electron paramagnetic contribution to the susceptibility,
Also, no susceptibility anomaly occurs at 80°K, even though the cooling rate
is below 1° K/min. Raman spectroscopy indicates there is a structural
alteration at 80°K, but the evidence for such at the two higher phase
transitions appears uncertain.

The mechanism for the phase transitions has been attributed to charge-
density-wave transitions (as occur in TaSy and NbSey). This is supported by
the apparent decrease in size of the Fermi surface at the two higher
temperature transitions. No non-ohmic behavior has been found in Mo,S4 using
dc electric fields between 0.1 mV/cm and 200 mV/cm (though pulsed measurements
could give different results). -

No literature on the optical properties of Mo,S43 has been found.
Further, little data on thin film fabrication has been found, though standard
sputtering or CVD methods should work. Since the magnitude of the change in
resistivity and susceptibility at each phase transitifon is less than an order-
of-magnitude, it may be expected that optical properties will not change
drastically. Such changes may be expected if the carrier concentration (free
carriers) will change or if a significant structural change occurs. From the
evidence given here, these changes are relatively minor. Significant changes
may take place in the far infrared.

REFERENCES (Mo,S3)
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lloSez
Molybdenum Diselenide

Molybdenum diselenide or MoSe, is a layered transition-metal dichal-
cogenide; a member of the group of compounds which resembles, from the
theoretical point of view, a two-dimensional solid. Single crystals of MoSe,
are difficult to make. MoSe, is a hexagonal layer compound with packing
sequence Se-Mo-Se; the molybdenum and selenium atoms are arranged in sheets
paraliel to the base of the hexagonal unit cell. One layer in the structure
is composed of sheets of selenium atoms on both sides of a molybdenum sheet.
Each layer is related to its neighboring layers by a screw displacement.
Within each Se-Mo-Se layer each Mo atom forms s,p,d hybrid bonds to the six
nearest neighbor Se atoms in the trigonal prism coordination. The single
crystals may be cleared with ease along the basal p]ane.1

We have located information on the optical properties of MoSe, in the 5-
40 m r-ange.l’2 These measurements were made using single MoSe2 crystals grown
by the vapor phase transport method without the use of any transport agent.
Since the crystals were in the form of thin sheets, all the results given are
for E 1 6. Lattice absorption bands in the infrared arise from the direct
interaction of infrared photons and phonons in the crystal lattice. For
MoSe,, the strongest such interaction is between a photon and a single long

wavelength optical phonon which is responsible for the evident Reststrahlen
bands in the material,

Figure 1 shows the absorption coefficient, a (cm'l), in the far infrared
at 77°K. Note the good agreement between the measured values and the
classical oscillator fit. Only one absorption band at 482 em~l is seen in the
5~40um region. No change in the absorption coefficient with temperature is
observed.! Further, no multiphonon assignment could be given to this band

(Figure 1) on the basis of known lattice frequencies; this may be due tu the
presence of impurities in the sample.

From transmission measurements using the relation pA = 2nd, where
interference fringes are evident, the index of refraction can be computed.
This is given in Figure 2. We see a rather abrupt change near 280 em~l. No
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curve in MoSe‘,z at 77%°K in the fundamental
infrared lattice vibration region. The
dotted curve is calculated theoretically.

.....

................................




dependence on the temperature has been reported. Figure 3 shows the
transmission as a function of A from about 20 to 21um,

Figure 4-7 show the variation in the refractive index at 77°K and 290°K
and the variation of € and e, (where e(v) = g (V) + i e(v}) with
frequency.3 Although there is a slight change between the two temperatures,
it is small. These graphs are from about 2um up into the ultraviolet,

5 (Please note that the scales are displaced vertically for each temperature so
[ that the two curves are really about identical.) These curves were deduced
from reflectivity data via the Kramers-Kronig method.

F Though it appears that more than one polytypic form of MoSe, exists (a
high and a low temperature polymorph, one of which must be formed at high

_ temperature), there is no evidence of an irreversible phase transition between
i them. Very little data on the electrical and optical (as well as _therma'l)
properties is available.

REFERENCES (MoSe;)
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3. B.L. Evans and R.A. Hazelwood, Phys. Stat. Sol. (a), 4, 181 (1971),
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llo‘l’ez
Molybdenum Ditelluride

MoTe, or molybdenum ditelluride is unusual among the group VIA transition o
metal dichalcogenides in that it possesses two basic structural polytypes. .T:*-ffy?
a-MoTe, is stable and isostructural with MoS, with the Mo atom surrounded by a f'fq{iﬁ
trigonal prism of Te atoms, while g-MoTe, is metastable at room temperature e
and has a more complex structure similar to that of WTe,. For #-MoTe, the i.v.‘ o
metal atoms lie in octahedra of Te atoms but shifted away from the center R
towards an octahedron face so that metal zig~zag chains result.l The metal- L
metal bonding buckles the Te sheets, distorting the Te octahedra. For - b
temperature above 1200°K B-MoTe, is in a stable form. Because there are Mo-Mo ' '
chains within the layers, this material exhibits both one and two-dimensional
characteristics (see Figure 1).2 The a-phase will undergo a phase transition
‘i to the p-phase at temperatures at or in excess of 1175°k.3  (We should mention - :
2 that B-MoTep, and hence also WTep possesses the structure of a distorted CdI, ) ]
lattice.) Being a layered compound, MoTe, is characterized by a strong : ’"f
anisotropy with respect to the crystal c-axis.? Structural parameters can be
obtained via a powder spectrum using a diffractometer and filtered Cu-Ka X-
radfation.® This analysis says that MoTe, possesses a hexagonal C7 type R
structure with a density of 7,78 & 0.2 gm/cm3 so that there are 1.974 MoTe, -:-£:f ﬁ
per unit cel1.657 Crystals of MoTe, can be grown directly from the vapor o
phase to yield single crystals in the orphase.8

The lTow temperature o-phase is diamagnetic and semiconducting; the high-
temperature pf-phase is paramagnetic and metallic,3 If we raise the
temperature on a sample of -MoTe, it transforms to oMoTe, at 750°K with a
corresponding change in the resistivity (a large increase), then p will
decrease when p-MoTe, is formed again at 1175°K.2 Figure 2 shows an anomaly
in the resistivity of g-MoTe, from 10°K to 300°K with a hysteresis effect.2
This anomaly occurs for both in plane components of the resistivity. This is
believed to be due to a first-order structural phase transition, there are no
superlattice reflections occuring at the temperature of the anomaly. One
explanation may be in a shortening of the Mo-Mo bond length within the Mo
chains, The resistivity is measured using the standard Van der Pauw method.9
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_ Figure 1. Plan of the structure of a single layer of s-MoTez,
- illustrating the formation of zig-zag chains of Mo
ij atoms (after Brown 1966). @ represents the top
sheet of Te atoms and Qthe lower sheet, while

@ represents the middle sheet of Mo atoms.
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Figure 2. (a) Temperature dependence of the two in-plane components,

Pa and Pp of electrical resistivity of s-MoTez.
(b) In-plane electrical anisotropy Po/Pp-
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Optical properties of MoTe, have been determined from 0.77eV to 6.2ev.7
and from 0.5 to 3.8eV.10 From reflectivity measurements a Kramers-Kronig
analysis will give either the complex dielectric constant or the index of
refraction and extinction coefficient. For MoTe,, the optical reflectivity is
anisotropic in that there is a strong dependence on the polarization. Figure
3 shows a typical arrangement for the measurement of reflectivity for a
polished samp1e.7 Note that the actual angle of measurement is very close to

normal, though not exactly so. The largest error attributable to this is

5 about 3%.

E Figure 4 shows the room temperature reflectivity of MoTe, from 0.77eV to \_'_ J
6.2eV (from the UV to about 2um)., Treating the measured reflectivity as a e
known, represented by R(E), where E is the energy (of the photon), then n and
k are related to R(E) and the phase © by the relation:

2 n-1-1ik__ T

# T I =T = "R exp(ie) . 0
This is the basis of the Kramers - Kronig method, 11 ?_ﬂ

The complex dielectric constant, € = e + 1, is related to n and k via o ]

the expressions: .. @ g
81 = nz - kz

e = 2nk -8

Figure 5 and 6 show the behavior of these quantities. It is also possible to
define two "energy loss functions," as - Im(1/¢) and ~Im(1/(etl)). These are I
proportional to the characteristic energy loss of fast electrons traversing - ® 1
the bulk and surface of the material, respectively. They show the excitation - E
spectra of the bound electrons, screening effects, etc.” In reference 10,

curves are given for the anisotropic reflectivity at 77°K and 300°K. We have o
been unable to locate specific data on the high temperature phase. -9

MoTe, exists in two forms: aand 8, It does not, however, appear to be Ot
a switchable phase transition material in that each phase can coexist over a :f£f7fi
wide temperature range. Accompanying the resistivity of the p-phase is an o
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Figure 3. Outline of the experimental arrangement.
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unusual hysteresis effect of somewhat controversial origin. But no completely
reliable optical data exists which indicates a change in the optical
parameters n and k.
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Niobium Triselenide

NbSe3 or nfobjum triselenide is a trichalcogenide which has only recently
been successfully fabricated.! NbSe; crystallizes in the form of fibrous
strands which are easily separated. The structure has been determined by
single-crystal x-ray diffraction.2»3 Six Se atoms form the vertices of a
right triangular prism with a Nb atom at the center of the prism, Six prisms
form the unit cell, which measures (10,006 & 0,005) x (3.478 % 0,002) x
(15.626 + 0.008) A3.% The distance between Nb atoms is 3.478 + 0,002A along
the b-axis and varies from 4.45 to 4.25R in the a-c plane. The compound is
formed by the direct reaction (without carrier) of Se and Nb in stoichiometric
proportions. The structure of NbSej is shown in Figure 1; it helps one to
understand why NbSej possesses a fibrous structure. There appears to be
little thermal effect on the lattice itself between 4.2°K and 300°K as only a
0.2% contraction is measured in this temperature range.1

The electrical resistivity can be measured using the standard four probe
technique, At room temperature the resistivity is on the order of 600 wohm-cm,
depending on the crystal size (this is for a strand with dimensions
7 x 0.05 x 0,01 mm3). The electrical resistivity varies with temperature as
seen in Figure 2. Above 145°K NbSe; shows a metallic behavior since the
resistivity decreases with decreasing temperature. Between 10°K and 150°K two
maxima occur, The existence of these two resistance anamolies has been
believed to be due to phase transitions, They occur at 125°K and 49°K, The
amplitude of these peaks are 10% of the room temperature resistivity for the

high temperature peak and 30% for the low temperature peak. No hysteresis
effect has been detected.

The resistivity peaks respond to the external pressure. The lower peak
disappears at a pressure of 6 kbar; the upper peak is reduced by 302 at 4
kbar. This is similar to the effects observed in NbSe,, where it has been
shown that charge density waves are responsible for resistivity anoma]ies.S

There has been a renewal of interest in NbSej recently, as seen in the
literature. Much of the recent research pertains to nonlinear effects; to
date we have been unable to locate any data on the optical characteristics,
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Figure 1. Structure of NbSe3. Upper part: stacking along the b-axis

of trigonal prisms NbSe6. Lower part: projection of the
structure on the ac plane.
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Figure 2. Electrical resistivity as a function of temperature along \ :
the b-axis of NbSe3 showing the two phase transition at T f-’

Tep = 145K and T_, = 59K. The resistivity maxima are for - . -1

125 and 49K.
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4 Nis
: Nickel Monosulfide
NiS or nickel monosulfide has two polymorphs with uniquely different
; properties: oNiS and p-NiS.l Below 620°K, NiS has rhombohedral symmetry and
- above 620°K, it has NiAs structure.?

The low temperature state s semimetallic. The other high temperature
phase is stable if quenched from above 620°K, and possesses a hexagonal
structure. This polytype exhibits a phase transition at 264°K for

E stoichiometric NiS and goes from a semiconducting to a metallic phase. The
transition is accompanied by a contraction of the lattice - a net decrease in
c/a ratio. Further, the transition possesses a negative pressure

dependence. The transition mechanism is not well understood, and may not be
entirely due to a change in lattice constant.3

Figure 1 illustrates the position of Ni atoms and their spin orien-
tation.2 Other lattice parameters and band structure constants are given in

Table 1.3 | ‘
TABLE 1 R
[ TEMPERATURE EFFECTS AT T POINT R
L + + - + + - w = . 7:'.;
! I‘1 I‘3 I‘2 I'S 1‘6 Te Y
ri a =-2.31 +4,90 -7.04 -0.03 -1,70 -1.69 -4.45 +1.45 ~-1.,56 -0.90 -2.49 SRR
- b -2.12 +4,79  -7.07 -0.16 -1.46 -1.73 -3.59 +1.35 -1.52 -0.92 -1.97 DT
R c  =2.20 +4.37 -6.56 -0.07 -1.74 -1.67 -4,30 +1.43 -1.54 -0.92 -2.43 R
o

a = high temperature lattice parameters (¢ = 5.131553, as= 3.44315) S
b = high temperature lattice parameters with Debye - Waller ?fjﬂ-}u}
¢ = lTow temperature lattice parameters (c = 5.3822A, a = 3.45353A) D

Figures 2 and 3 show how the transition temperature and pressure vary for
NiS.#s5 The nature of the transition for hexagonal NiS is quite interesting, RN
as there are striking changes in the specific heat, Cp (Joules per mole per _}Q{Efﬁf
0K).6 There are significant changes in the electrical resistivity at the - o
transition temperature. Curves for single crystal stofchiometric NiS are - e
available as well as for NiS; g1, NiS; g15 == in the latter case the el
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Figure 2. Pressure-temperature phase diagram for NiS. Open and
closed symbols are for increasing and decreasing tempera-
ture of pressure. Circles are sample with TN = 2300K at
1 atm and squares for sample with T, = 2100K.
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resistivity is anisotopic (different for ENcandE L g). For a single
: crystal of NiS, we get the curve shown in Figure 4.2 We should, for
- completeness, mention that the resistivity has been measured using the four-
F point contact method.’ Phosphor bronze pressure contacts were used giving
f; excellent ohmic characteristics over the entire temperature range of
2' measurements. Overall, the electrical characteristics of NiS seem to be well
understood for the hexagonal (o) phase,

Optical properties, however, are considered to carry the greatest weight
for our recommendations, In Figure 5 we seed the reflectivity from about 100
em™l (far infrared) to about 105 cm™l (near UV) for E 1 E, We see that there
is a dip near 0.14 eV (8.86 microns) where reflectivity goes from about 92% at
300°K to 68% at 80°K. In Figure 6 we see the imaginary part of ¢, the
dielectric constant (where € = ¢ + ie ). In Figure 7 the far infrared
reflectivity is given,
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‘g Nickel Disulfide o

Nickel disulfide is a metal-insulation phase transition material which
exhibits two magnetic transitions:

1. Paramagnetic » antiferromagnetic at T = 40°K to 65°K _ o

2, Antiferromagnetic + weak ferromagnetic at T = 31°K

The mechanism has been interpreted by a Mott-Hubbard model in which electron -
correlation effects play an essential role.l The diagram shown below
indicates the pressure dependence of the two phase transition temperatures.2

It should be mentioned that the first transition temperature will ;
increase by substitution of Se for S and by doping with Co and Cu, which »V ] f y
decrease and increase the respective electron concentration in NiS,. For the
second transition, the temperature of transition will decrease with the
introduction of impurity atoms. A volume change on the order of about 0.4% : -
occurs with no change in the crystal symmetry. iM'&‘M

NiS, is itself a cubic crystal with structure of the pyrite type. Figure

2 illustrates this structure.3 N152 occurs in nature as the mineral valcite
with a density of 4.44 gm/cm3,

In order to determine if NiS, would be useful for laser hardening .
applications, two physical measurements give useful insights: resistivity (or ' S
conductivity), and reflectivity changes, both as a function of temperature, >; R
pressure and perhaps stoichiometry., (It should be pointed out that there is a R
spike in the specific heat curve near 30°K for NiSy g3.) However, both T "1
conductivity and resistivity measurements indicate no change near the i"_' ;”ﬁ
transition temperature.4 Published optical properties of NiS, are extremely ' S
limited in scope. The index of refractive index and extinction coefficient (n ' :

. @
and k) are both known from 0.5eV to 5eV (about 2 microns, in the near IR, to L
the near UY).5 These curves are shown in Figure 3. The reflectivity at
normal incidence is determined by the formula: -

(n+1)® + k
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These measurements were in fact determined from measurement of R using the
Kramers - Kronig method., The data were taken at room temperature.
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"sz-xsex S ;;E
Nickel-Sulfur-Selenium Solid Solution S y}q
. . -7

NiSy_.Sex s a solid solution; when the stoichiometry parameter x = 0, we
have nickel disulfide (NiS; - reviewed separately). NiS, is a Mott insulator
due to electron-electron correlations in the eg band.1s2s3 (The eq band is in S
the 3d group and contains four states per cation.) For x = 2, NiSe,, the S
material is metallic in agreement with arguments based on the filling of the
3d eg band so that increased selenjum concentration must eventually yield a
semiconductor-metal transition.? In the NiS,.,Se, system the alloying simply :
increases the bandwidth without changing the carrier concentration. - 3

Single crystals of NiS,_.Se, are grown by chemical vapor deposition (CVD)
where bromine is used as a transport agent.5 Stoichiometric mixtures of pure
nickel, sulfur, and selenium were used to prepare a polycrystalline starting
material, from which single crystals are grown. Lattice constant measurements .‘
are used to monitor the growth of the crysta\s.6 Generally it is possible to
grow crystals to a stoichiometric accuracy of about 5%.

For the study of the electrical conductfvity of NiSz_xSex samples in the
range 4 < T < 600°, a 4-probe van der Pauw technfque fs considered
standard.” Thermoelectric studies are best performed using the heat pulse
technique.8 Figure 1 shows the electrical conductivity in the range
0.1 <x <1.5.% The data here indicates a thermally activated behavior for
x < 0,55 and tend to a common maximum of about 103 &'l em~l at high -
temperatures. For x < 0.55 the results are qualitatively similar to those for : '_: i
NiS,. Three distinct activation energies are apparent, as further elaborated ;:?}f;fﬁ
upon in Figure 2, These all decrease with increasing x and approach zero as x
approaches 0.6. At this value of x the selenium concentration increases to A
the point where a metal insulator phase transition occurs. For higher values L
of x the samples are metallic over the entire temperature range }f?ﬂf};s
(4 <T <600°K). For x < 0.3, the solid solution have at all temperatures a 1§ :}-t‘
conductivity behavior similar to pure NiS,. In the range 0.4 < x <0.55, a
phase transition is exhibited at low temperatures (T < 100°K) to a metallic
state, Figure 3 shows how the activation energfes vary with selenium
concentrations, Figure 4 shows the behavior of the resistivity with
temperatures for various values of x. Note the behavior for 0.4 < x < 0,55 in
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Figure 4 - this rapid charge change in electrical resistivity is charac-
teristic across many phase transition boundaries for many substances.""5

In the regime of 0.4 < x < 0,55 a transition from semiconductor-to-metal
occurs at low temperature. This is somewhat surprising considering that the
system remains semiconducting at high temperatures even after the correlation
splitting of the bands vanishes.? That this is possible can be explained
using small-polaron tand models, 10 Figure 5 shows a plot of conductivity as a
function of temperature.4 The transition temperature increases from about
70°K for x = 0,47 to about 120°K for x = 0.55,

We have been unable to locate any significant data concerning the optical
properties of the NiSz_xSex system. It would be very interesting to possess a
detailed knowledge of how the various parameters balance with varying x, but
perhaps one clue can be had from the observation that for all x the carrier
concentration remains constant (be they electrons, holes, polarons, etc.).4
This suggests that (if we accept a Drude approximation) the optical properties
will not significantly change across the transition boundary. Further studies
are obviously necessary.
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SmS
Samarium Monosulfide

Samarium Monosulfide has been subjected to very intensive study since its
- discovery as a pressure induced phase transition material in 1970.1-6  The

t: effect is due to a 4f » 5d electron delocalization in the solid. At 293°K,

- there is an abrupt change in resistivity and lattice constant at 6.5 kbar
pressure without any change in the crystal structure. There is a conversion
from Sm2* to Sm3*; the material goes from a semiconductor to a metallic

state, Also, there is a hysteresis effect as the semiconductor state does not
reappear until the pressure goes down below 0.8 kbar. There is a significant
amount of published material on SmS in the Soviet open literature; many of
their results corroborate measurements made in the West,

Figure 1 shows the wavelength dependence of reflectivity of SmS in the
semiconducting to metallic states. Figure 2 shows the change in reflectivity
at the semfconductor-to-metal transition and it has the typical hysteresis
. effect. The resistivity of SmS versus pressure is shown in Figure 3, The

3 change is dramatic - similar changes occur in SmSe and SmTe. Finally, Figures
ii 4 and 5 show the dfelectric and absorption properties of SmS.% We can see
signficant changes in optical properties.
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SnS;

Tin Disulfide
SnSe,

Tin Diselenide

Tin disulfide (SnSy) and tin diselenide (SnSe,) are layered semi-
conductors with CdI, layer structure. They both can exist in a great number
of different polytypes, several common types being 18R, 4H and 2H types.1 As
1ike other layered compounds, SnS, and SnSe, have attracted much attention due
to their essentially bidimensional character. The space group of the CdI,
structure is D34, which is symmor'phic.z'3 The cations are placed at (000) in
the hexagonal unit cell and the two anions at (1/3, 2/3, u) and (2/3, 1/3, ~u)
defined by the c/a ratio and the parameter u = 0.25, producing a layer
structure with the cation sheet sandwiched between two anion sheets which in
turn face each other across the layers. Each cation is strongly bonded to six
anion first neighbors which form a perfect octahedran if u takes the special
value u* = a/JT; ¢, and each anion sits at the top of a pyramid of three
cations, Each anfon has twelve second nefghbor anions and if ¢/a =2 2/3
and u = 0,25 the anfons have perfect hexagonal close packed structure.?
Detailed knowledge of the crystal structure is useful in understanding
electronic band structures.

For SnSe,, the measured lattice parameters are given in Table 1.4 For
comparison the parameters of several other substances are also given. This
table includes the Group IV dichalcogenides having the space group C6
structure. SnS, crystal parameters are also given. Figure 1 shows how the
lattice parameter a, changes with the temperature.4

For SnS, the electrical conductivity is given in Figure 2 for a single
cleaved crystal, There are three distinct regions, each obeying an equation
of the form o= gy, exp (-E,/KT). For region 1 we have o , = 2.862 lcm~! and
Ey = 0.4eV; for region 2, o,, = 1.3 x 10°8a"1em™] and E, = 0.11eV; and for
region 3 we have o,, = 2.85 x 10°8g"1em] and E3 = 0.05eV. For the
resistivity, there is a thermal switching behavior when 103/7 = 3.6 (or
T =280°K); this fs shown in Figure 3. After forming and switching has been
observed, the SnS, crystal shows a high resistance state which is always Tower
than the inftial resistance, normally by a few orders of magnitude., The I-V
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Figure 1. Variation with temperature of lattice parameter a, of ) |
single SnSe2 crystals.
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TABLE 1
LATTICE PARAMETERS, RESISTIVITY AND ENERGY GAPS OF GROUP IV
DICHALCOGENIDES HAVING THE C6 STRUCTURE

g a, c c/a P E' Eg
s (A) (A) (Ref) (acm) (Ref) (ev) (ev) U
[ TiS, 3.4080 (¢ 2) 5.7014 (+3) 1,673 8x10 3nt 1.95r
; 3.405 (+5) 5.678 (& 5) 1.67 10 3
t 3.39 5.70 1.68
;: TiSe, 3.537 (£3) 6.00 (£3)  1.70 2x1073¢ 1.55r
_ 3.535 6.004 1.70 1072
[ TiTe, 3.773 (£ 5) 6.516 (£5)  1.73 1074+ 1.00r
3.76 6.48 1.72 0.7x10™4
, 2ZrS,  3.662 5.809 1.586 lont 1.68 2.75r
3.662 5.813 1.587 0.3
3.660 5.825 1.593
3.66 (+3) 5.8 (+3)  1.60 |
Zrse, 3.76 (+1) 6.15 (+1)  1.63 1071nt 2.00r -
3.770 6.137 1.63
- ZrTe, 3.952 6.660 1.68 1073¢
. HFS; 3,635 5.837 1.61 109t 1.96 2.90r
3.622 (+2) 5.8 (+3) 1,62 i
HfSe, 3.748 6.159 1.64 20nt 1.13 2.20r
3.733 (¢+5) 6.146 (£5)  1.65 0.05
SiTe, 4.28 (x1) 6.7 (£1) 1,57 109 1.8 2.18
SnS, 3.639 (4 5) 5.884 (& 5) 1.62 107n 2.21 2.88
. 2,07 3.8r
" SnSe, 3.811 (£2) 6.137 (£3)  1.61 0.28n 0.97 1.62
‘ 3.84 (+2) 6.3 (£3) 1,60 0.11n 1.0

0.98,1.3 1.97

t Compressed powder, E' indirect band gap. Eg lowest direct band gap
(r denotes reflection peak). n donotes n-type semiconductors.
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curves also show non-ohmic behavior at higher voltages. The value of the

switching temperature depends on the current passing through the crystal and -
as the low resistance state presumably consists of a metallic filament, then

the local temperature may indeed be higher than that measured., For zero

current it is found that heating in the low resistance state may be continued

until the high resistance curve is reached, where the crystal automatically -

reverts to the high resistance state. Pbl, also possesses this feature of
resistance "memory".5

For SnSep, Figure 4 shows the temperature variation of the resistivity
and the conductivity., The standard four-probe method is used to get these e
measurements. These measurements lead one to believe that SnSe2 is an n-type
semiconductor at 290°K, the carrier concentration being 1.57 x 1018cm'3.
There is presently some disagreement over the exact value of the carrier con-
centration.s'7 It 1s claimed that SnSe, crystals grown using the Bridgeman " ®
technique are p-type with carrier concentration about 1018cm'3.8 Figures 5 -
13 show the optical measurements for SnS, and SnSez.g'11 For these plots we
note that the complex index is n = n + ik and k is the extinction coefficient ,
(related to the absorption coefficient by a= 4;# ). Data is given for e
77°K and 290°K. Most of the data given here is for the visible and UV;
Figures 11 and 12 go into the near IR, Note that whereas there is a variation
with temperature, it is nevertheless quite small and there does not appear to
be any significant variations in any of the measured regions. There is a e
degree of anisotropy for both SnS, and SnSe,. For the dielectric constant we
have e(v) = g(v) + ie(v). The index and extinction coefficients are
computed from the reflectivity via standard Kramers-Kronig analysis. .

SnS, and SnSe, both appear to have been extensively studied. There does ®
not appear to be any significant phase transition and alteration of optical
propertfes (at least in the range of 77°K to 300°K).
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SnS,Sep_
Tin=Sul fur-Selenium Solid Solution

Sn$,Sep_, s a solid solution with a layered structure for 0 < x < 2.
This class of compounds consists of sheet molecules which are joined by a weak
Van der Waals bond. SnS Se,_, crystals are grown using the chemical vapor
transport technique with jodine as the transporting agent.l’2 Single crystals

2

with surface areas up to 5cm® and uniform thickness up to 100m can be readily

grown.,

For the study of the thermal changes in the optical properties of
SnS,Sep_ys @ low temperature (1iquid nitrogen) cryostat was developed, as
shown in Figure 1.3 The index of refraction is determined using interference
fringe maxima. For SnSz, at 300°K the index of refraction is 2.70 and
An/ AT x 100 (°K'1) = 40 (the change of index with temperature). For SnSSe we
have n = 2,91 and an/AT x 106 (°K'1) = 120; for SnSep, n = 3.16 and
an/ AT x 106 (°K‘1) = 160, These cases correspond to x = 0, 1 and 2, Figure 2
shows the dispersion curves for each compound. These dispersion curves
satisfy the relation:

"«? -1 Ag
"TT"';_' =1 - _;?_ .
n -

where n_ is the index at large wavelengths. Figure 3 shows the temperature
coefficient of the refractive index as a function of wavelength.

For the absorption coefficient ,a, this can be calculated from the
relation {for indirect transitions):
hv- +E )"
(hv g_p)

@ hv ’

where Eg is the energy gap and Ep the phonon energy. Here m is an index which
takes on various values depending on whether the transitions are allowed or
forbidden. Often m = 2, a is plotted for various temperatures versus photon
energy in Figure 4. We see that the change in a with temperature is fairly
significant.
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There is no evidence of a phase transition in SnS,Sep_y, but it possesses
the nice feature that the optical constants can be adjusted by the choice of
x, and they do vary with temperature. This may be useful for the design of
graded index (inhomogeneous) films. Further study will be required to realize
the true potential of this class of compounds.
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TBSZ
Tantalum Disulfide -

Tantalum disulfide comes in four polytypes: 1T-TaS,, 2H-TaS,, 3R-TaS,,

and 6R-Ta52.1 The polytype 4H-Ta52 is also knownz, though it behaves as if it

is a mixture of 1T-TaS, and 2H-Ta52.3 1T-TaS, has the same structure as that " e
| of TiS, where each Ta atom is surrounded by six sulfur atoms in an octahedral o
: coordination.4’5 The atomic arrangement in 1T-TaS, can be described as
|AbC|AbC|, where the upper case letters denote the sulfur sites in a hexagonal
close packing while the lower-case letters represent the Ta sites. 1T-Tas, is -
prepared by reacting the elements at 1000°C followed by quenching to room
temperature. 2H-TaS, is a black metallic phase which can be obtained by
annealing 1T7-TaS, at 500°C for several days. It is isostructural with 2H-
NbS,. The ordering of the atoms in 3R-TaS, is described as |AbA|BcB|CaC| -
» while in 6R-TaS, it is |AbA|BcA|BcB|CaB|CaC|AbC|, using the b nomenclature
| described above. In 6R-Ta52, Ta atoms have both octahedral and trigonal

prismatic coordinations. These polytypes are stable between 500°C and 800°C

and the phase transformations between them have not been studied in detail. .
i Except for 17-TaSp, all the polytypes of TaS, form non-stoichiometric o

Tay4yS2. For 2H-TaS, the superconducting transition temperature seems to
| increase to about 3°K in Ta1.0352.6

»R

1T-TaS, is a diamagnetic semiconductor at room temperature. There exists . @
a marked variation in the electrical resistivity with temperature as seen in
Figure 1, This plot indicates the presence of two phase transitions (note the
hysteresis effects) at 190°K and at 348°K.%  The high temperature transition
is accompanied by a change from semiconducting to metallic behavior while at .A o
the lTow temperature phase transition the resistivity increases by an order of . u}

magnitude. 1T-TaS, is expected to be metallic because of the presence of the

excess d-electrons in the conduction band.3 It is possible that there is

strong metal-metal interactions which causes the t2g band to split into a Y
filled and empty band. Other mechanisms have been put forward in Reference

Dasd

7. Tne phase transitions in 1T-TaS, are also very sensitive to pressure.8
The crystal structure for both 1T-TaS, and 2H-TaS, are shown in Figure 2.
Table 1 gives some electrical data for 1T-Ta$,. ®
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Electrical and magnetic properties of 2H-TaS, show evidence of a phase
transition at 70°K due to a small crystallographic distortion.? At 70°K the
Hall coefficient changes sign from a positive to a negative value accompanied
by a change in the slope of the resistivity curve. This muy be due to charge
dersity waves and periodic structure distortions.l0

TABLE 1
Comparison of the Hall and Density Measurements

293°K 373°K
Resistivity (a-cm) 1.5 x 1073 6.5 x 1074
Hall Electron Density (em™3) 5.8 x 1022 1.1 x 1023
Electron Density (1 elec/Ta atom) 1.7 x 1022(em™3)

Figure 3 shows how the resistivity varies with temperature for 2H-Tas,.
Figure 4 shows the effect of pressure on the resistivity of 1T-TaS, and 2H-

TaS,. Figure 5 shows the behavior of the magnetic susceptibility with
temperature for two polytypes.

Not much is known concerning the optical properties for any of the Tasz
polytypes -~ little is also known about how changes may occur at the various
phase transitions discussed above. Figure 6 shows how 1T-Tasz behaves

throughout most of the infrared at room temperature. Figure 7 shows the
variation in transmittance at two temperatures.11
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TGS3
Tantalum Trisulfide

TaS3 or tantalum trisulfide is a transition metal trichalcogenide. A
general feature of its structure is that it consists of a linear stacking of
trigonal prisms of chalcogen atoms parallel to the chain axis with the
transition metal atom located at about the center of the prism.1 TaS3
possesses an orthorombic structure.? Samples of TaS; can be prepared by
direct reaction of S and Ta in stoichiometric proportions under high
temperature (about 650°C) in a quartz tube under a vacuum. TaS, also exists
in a different polytype with a monoclinic structure.3 This phase is isotopic
to NbSeq. Under preparation, both phases (the orthorombic and monoclinic) are
formed in the form of films and small hexagonal plates. The orthorombic
structure of TaS3 has not yet been determined.4 It is known that the unit
cell is huge and is formed from 24 chains. Table 1 gives the lattice
parameters and symmetry for the two crystal classes. Figure 1 shows
schematically how the crystal structure behaves for many transition metal
trichalcogenides.5 The spacing of metal atoms along the b-axis is much
shorter than the inter-prism distances; this is analogous to a bundle of
metallic chains each with an insulating sheath., The interaction between
chains is weak and, therefore, one-dimensional behavior is expected from the

structure.
TABLE 1

LATTICE PARAMETERS OF TAS,
TaSy (Orthorombic)2 TaS, (Monoc]im’c)3
a = 36.804 A a = 9.515 (2) A
b =15.173 A b = 3.3412 (4) A
¢ = 3.340 A c =14.912 (2) A
V = 1865.15 A3 g = 109.99° (2)
7 =28 V = 445.5 R
space group C 222; 1=26

space group P2;/m

A-221
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Figure 1. Schematic representation of the
structural features of a number
of transition metal trichalcogenides.
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For orthorombic TaS3 the resistivity increases slowly down to around
230°K beyond which it starts to increase sharply. Figures 2 and 3 show the
resistivity behavior for both TaSs classes.? At about 210°K there is sharp
change in the electrical resistivity - this is believed to be due to a
phenomena known as the Peierls transition.5 Beyond 350°K a metallic variation
of the resistance is observed whereby the resistance increases with increasing
temperature. For the monoclinic class of TaS3 there is a minimum in the
resistivity around 270°K, then a sharp increase down to about 220°K. It is
believed that for this crystal class that there exist two phase transitions:
one at 240°K and one at 160°K. Further substantiating evidence of these phase
transitions can be made using electron diffraction measurements.t It is
possible that the two crystal classes may become somewhat mixed during the
preparation phase, and that this could lead to anomalies in the measurement
and subsequent interpretation of the resistivity curves. The resistivity was
measured using the conventional four-probe technique. No temperature
hysteresis effects have been observed.® For the orthorombic structure of
TaS3, the temperature dependence of the resistivity can be described in the
form of

exp(E/2kT) ,

with £ = 0.15eV in the limited range of 120°K to 200°K. At the lower
temperature the resistivity tends to approach a constant value about 108 times
larger than the room temperature value.

A decrease in the magnetic susceptibility below 300°K has been observed;
this can be explained in terms of a substantial vanishing of the Fermi
surface,2

The Peierls transition is a phenomena which is believed to be due to
"charge density waves" along essentially one dimensional crystal strands.
Known also as the "Peierls distortion", it has only been observed in a very
limited number of materials, such as the one-dimensional organo-metallic
substances like KDP. Such transitions may occur in other trichalcogenides
Tike TaSes, ZrSej and NbSej.
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